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FINAL REPORT 


1 . Project Period ; 

October 1, 1983 to September 30, 1986 

2. Personnel ; 

Principal Investigators; 

C. Bennet Setzer (Oct. 1, 1983 to Sept. 30, 1985) 

N. A. Warsi (Oct. 1, 1983 to Sept. 30, 1986) 

Graduate Students; 

I. O’ Hour, P. Sparrow, F. Brown, Linda Adams and E. Placide 
The first three have finished their graduate theses and the 
last two are in the process of doing so. 

3 . Summary of Completed Worlc 

This report contains the worlc accomplished through three 
main prject. Two more projects started during this period will 
finish shortly. The corresponding report will be included in 
that of the second project. 

(a) A Survey of Pattern Recognition; An Annotated Bibliography 

(See Appendix I) 

The work consisted of a wide-ranging search for articles 
and books concerned with fuzzy automata and syntactic pattern re- 
cognition. Also, a number of survey articles on image processing 
and feature detection have been collected. Although the work is 
basically survey, it lays down the foundation of further work 
through its annotated bibliography. The complete work is in- 
cluded as Appendix I. 

(b) Edge Detection and Image Processing Using a Gradient and 
Edge Following Method (See Appendix II) 
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Hough's algorithm illustrates one way in which knowledge 
about the image can be used to interpret the details of the 
image. Since the used syntactic methods are more local, the per- 
formance of standard local techniques are studied. To this end, 
an edge following algorithm based on comparison of the gradients 
at adjacent pixels is implemented. In general, the closest 
match is considered an extension of an edge element. It was 
found that in hand generated pictures, the algorithm worked well 
on following straight lines, but had great difficulty turning 
corners. The connectivity of polygons was not evident in the 
resulting global edge trace. This experimental work although, 
poor in performance has helped other related efforts. If an 
edge is being followed stepwise, some history would be useful 
in picking a continuation. The goal would be to be able to con- 
tinue across apparent gaps in edges, given that the algorithm 
was already following a "strong edge". For details see Appendix 
II. 

(c) Minimal Finite Automata From Finite Training Sets 

The basic result of this research is an algorithm which pro- 
duces a minimal finite automaton recognizing a given finite set 
of strings. Minimality is in the number of states and compared 
among those automata that recgonizes the given string and no 
other up to a given length. One difficulty of the construction 
is that, in some cases, this minimal automaton is not unique 
for a given set of strings and a given maximum length. Numerous 
examples show that it correctly deduces the "correct" automaton 
for sets of strings drawn from a given regular set. Further, 
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these examples show that non-unicity of the minimal automaton 
disappears for large samples. However, the convergence of the 
algorithm in the limit has not been demonstrated. 

This algorithm compares favorably with other inference 
algorithms. It seems to produce smaller automata than other 
methods (e.g. [1]). It produces a deterministic automaton dir- 
ectly comparing with [1]. More importantly, the algorithm pro- 
duces an automaton with a rigorously described relationship to 
the original set of strings that does not depend on the al- 
gorithm itself. In general, the study of abstract objects is 
more tractable if they have invariant relationships cimong them- 
selves. See Appendix III for details) . 

[1] Vernadat, F and R. Rives, "Regular Grammatical Inference by 
a Successor Method" , 6th International Conference on Pattern 
Recognition, Munich, 1982. 
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n .*2 w- t'T? -:!r ::r ^ ‘ \ p, 1 L' * I 0 d i '3 d " a I'" 0 d n ^ t i G p. i e *f e a • ir e 

0 r t r GoG i G n « F’ a 1 1 0 r n g g r d e e d Gets g “f ' r ' a 1 l*. 0 g ) in p r ai c t i c e m a l' h -a 0 
d z. m e n G i G n ^ 1 i t i e G a r i n t g ] 0 r a^ b 1 l' h i g h « T h e r e t o r e it i e 

commGn to preerGceGG theGe .'a lu. 3G. b'/ -Fcrminc '/ari GL'G "FunGt i enal g 

- . ' r.7 ^ 0 p P '[ij r- < ' I12 nr 0 +” -f ^ p p a e r n e 1 e m e n t g H F • ehenen^S^l. SlicH 
■f Li n c ^ n 3 1 ~ ^ h e n n a m; e d e ai. t li r 0 g . ai n d in m a n c a g e g the'/ 

GG’""tain impprta.nt carrel at icne pr ether r el at i ensh i pe which 
c” c m c r-v 4 - w’ ^ ^ ^ "i ^ G m t i G n « The f 0 a t r m 31 ' be 

heuri et ical 1 y. 

deri'/e tG name trem the famcLie ev^ cl amait i en 


W f-' rr rni 


4- ; ^ ^ T 1 , 


Heur: 3 ti -3 


act: '/it',' 

h! 0 L' r ■' tr. ' — -n 


•' (n« - ' 


>. I- - T r: 


;a','G Aound’. It stc.dies creative 


d L’ d 0 a F* e a r 1 ^ 1 ^ 9 ‘I* ^ ar e c r i ^ e r i a . 
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I 


nn s c d 2 ; 4 . 1 ' i r; z! i !T 1 3 ^ f iz r d s c i d i r. ^ vj h' i c h 3 m c n c s s 3 r 3 1 

?. 1 d. 3*‘" z.d d ''s ~ c ‘ j. 3 3*^ 3 3dicn 3r”3T>iss3 dz? bs bhs mc Ed 3‘^‘f3cbiv3 

in ordsr be zichis'/s 331X13 3 c?.l . Thsv x 33 X 33 3 x 11 33x3x3x1333 b3bvJ33r: 
b ' ' 3 ‘“ 3 3 'J. 1 X 3 ;T' G X. b 3 r b I’l 3 X 3 3 d ^ ■ X. 3 v 1 • 3 3 L'. 3 3 X 1 b <P X 1 3 i X. 3 1 0 X n d 4 

t h 3 3 Z'k Xi 3 b z iT' 3 4 b b 3 d 3 ’ ^ "**"3 b s X d i i X. i X 3 b c 3 x x 

b'XbvJGGx 33 cd 3 xid b 3 d cheizGs. 

In a pabbsxx xscGqnibicn prcblsx, a x.umbsx c*f Gabbsrx 
0 xb 'jx-es 3?.x bG G?'bx acted -fxex a cattexx, bub cnlv a -few e-f them 

Eire c-fb3'~; x33 33 3ax'/ be the xecegnibien. Tc debexx. ins vjbab 

•.••ar~ibles ''.ex abbxibu.bez) axe bo be meaeuxed is the xost ixiDoxtan 
stee tev/ards designing an t^TTicient recognitlcn machi neCCben'* 731 ! . 
T*-"e bas! c-^ detexxinixg the '.^axiables is called -featuxe selection 
ax 0 ■'> b mac b i cn . Feabuxe calecbicn is usually cx seeded b'/ 

c^“ 0 c-"ccecci xg (data coxcacticn!* c-F Datbexns- t-jhicb xe-fers to the 
prccsssss cF scr'bixc 4 xoxxalicabion, filbexincH sbc- c*f tbs incut 
c c b b 0 c L The d 0 s i x a b 1 e x e c u i x s x e xi b s c F the *f e a b c* ^ e c selected 

axxs : 

(1) tbs'/ cxccsxl'/ descibe tbs cabb 0 “"n, 

'■2^ they axe easy be pxocess, and 

^ 7 ) b b ^ X ^ i m»' ^ X i an ^ x a n 1 a b i c x a x. d “me t a ^ i c n -f +• h ^ 

:: Ettern . 

The sslscbi'^'ib',' in tbs choice and tbs use o*F oabbsxx 

e abur es seexs bo bslcno bo the f undaxenbal s oF buxan 

X' e c o o X i " c n « T i I* In the stabisbica3 accxoach be cabbsxx 

e c c c X i ' c '"'i , ■*" b i s x a% b l' x a, 1 p x o c e d Lv x 0 e s li lbs i s e cj u e n t i a 1 


methods - 
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ORIGINAL PAGE IS 

OF POOR QUALPrY^ ^, 4.3 ba atorad ir. a 
, aria.srv dsta (e.g., 

; 4 . ; -,r-; tc sericrc. 3 . - 

xv-,pi' 5 « subaata ca'-'-ld 
tati.va subsets, -ns-- 

inr.crinc the individual data points. 

, — — 1 - — — 4 X 4 -^'a+‘’r^n iT-u — t and — a- 

4 ■r.r-ra’^' '.'ihare 

There are nan' ta 

1 ono n Th e 

, ~ ^.^^■pri knowledge Ci-ukunaga 1 °.--- 

"S-forned vv.thout .-. ... -o. . 

r • -< ,,r,io'-- resulting 

d©”fir. sd uni 2 -- 

clustering problem le not .-^e- * . 

;=‘'V-^^it certain properties. 

are required s.-* 


L*— ^ r** ^ 

A n c "t. d e r a c q * a u- > * 


pattern '/ectere) inte recree 


,.- 4 .. I V rel ated 


the? cheiee c* 
X • t d n rn e n t a 1 
de-f i-.iticr 


+‘V^ca det 

1 — r -I.’— I 


... — j: -i t or' i 3 

i n i 1 1 c n - 1 a u * ^ 


4 .K,e clustering oroblem. o 


5 i vsn a suitable 


, 44 . 4 . .cs 3 ibl 3 to distinguish between 

X 3 c 1 LI 3 1 e r .4 ^ 


^ Pn 


^.d cl assi -f i sat i 


S' -amp 1 es • 


The clustering crcblem 
3 . 33 une that 

A = C a. : 


. ,.r- r r-.p on ’ 9 ^ 3 -• 

1 c:^^, 33\' b e 3 et - 4 *-' ^ u . -. I w- 


— i - p. 

I Tt T_ , ^ ^ • <4 


£ -finite set c-^ resrese^ 


'■>-^ticPS e-f itens. 


3 et has to be 


narti tisns 




disicint subsets 




- 1 


^- 4 . 4 .^ nvs division. sene -functional 

^,.... 1 ., that with r 2 '-Pe_ - 

-*. 4- =,4 r .-3 an e;;tremurr. 

.-.4 4 , 4 ..-. the 'distance’ between item 4 , a--a*.. 


dee 
',' 3.1 ue 

in the sens 


,—i I'-’h'*- 


■i 4 T f un c t i on a 1 ou g 


tc describe the cualitv ot groupings 


all -a; belonging to 

u 


32 that the mutual dist-anoe between 

. ■ T a-w-^ .-• -i bstvjeen 

.. -.,T'V 1 as possible while the 

icams t 'l I s^ * 

^ „ -n-.o x,,n--^ional describing the grouping 

di-f-^erent A', .are large. ■■- ■ -n 

^ ■‘"he distances, 

t-j-r.- ccT.s covvOr ct -- --n- 
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CHAPTER TWO 


ORIGINAL page IS 
m POOR QUALITY 


THE SYNTACTIC APPROACH TO PR 


2- 1 SVh.'TACTIC 


A "’"TERM 


RECGEK’ITION; 


'* Ir. sorr)^ rezogniticr iDrableT.s, the structural 

i n*f cr r: at i cr that describes each cat tern is imccrtant^ 
and the recccniticn crccess includes net only the 
capability C“F assicninG the cat tern tc a earticulzvr 
c lass ( t c cl a s s i *f '>■' it), but a 1 s c the capacity to 
desr’^ibn the C^attern that rnake it inelicible 

X ^ r-v 4 »«T 4- * ■;7 I— , ,-n 4“ 1~> ,7^ /T? <TT. cr. ^ R* * • ^ 2 2 3 ■ 

" The s'/ntactic netheds becin with the eMtracticn C’f 

With recard to line 


C 1 \'es 


X t/- jT: ^ 


’“he c a b c e 


'h 4- -fr. 


drair'‘jinc '^4 the c’^in iti'/es can be line seerr. eints de’fined. 


e 1 s o t certain 


P e t V -j e e n distinct c c- i n t s s li c h as 

c ^ ^ ^ s ■ In e ^ ^ c e u a ^ c' b c a t ^ e r n in t 
i m a c e , v'jh en s u i t ab 1 '/ s ec ni en t ed SP. d 1 ab e 1 1 ed , 
be d e h i r"i e d as a c r i rr. i t i e * " C !■' ! ohonen ^ 2^3 • 


e, or segments 
n tersest ions or 

in the original 
; •» _1 _ 1 


" The stud'/ oi s'/ntactic cat tern recognition has 
intensified d u r i n c the last *f e '/ears. In o r d e r that 
more e ' ; o e “■* i e n c e s a 1 1 be o a i n e d vi i t h. the accroach it is 
** ,•»*’ ^ 4* i-n 4- 4- 4- 4 4- b o a c 0 1 1 d b ' t' r e s e a r c h e r s 'wh os e 


pri nci cal 


'“i 1 ^ c t i o n r a t h e r than 


4 -. 


S'/ntactic cat tern recooniticn method. Thus there is a 
need -For a suite o-f crograms that enables a researcher 
•sl:illed in neither language theor\/ nor comeuting to 
make crocress /jith the method." CBlake’213. 


A t'.’cical ev: ancle ct the class ot recocnition men si on ed above is 
scene anal '/sis (in carticular picture recognition). Hare- the 
0 a 1 1 0 r n s under consideration are us u all'/ g l'. i t e s o me 1 a and the 
n Li m b s oh f e a 1 1 '. r e s r a q 1.1 i r e d is o 1 1 a n a r 1 a cj a - In this !•**. 1 n d o t 
oms y the s'/ntactic accroach to pattern :-“ecooni ti on is more 




ciippr opr i ata . This acprcach draws an analogy between the (tree- 
lil;e) struoture o-f catterns and the s'/nta?^ (or grammar) of 


1 angua.gas - 

Pat t am 

s 

s^ra soecified 

as b e i n p 

bui It 

up out 

nf 

suboatte-ns 

i n 'v' ar i 

ous 

W2',- CCmSC 

i t i 0 n , 

ust as 

h r a 3 e s 

and 

sen ton cos 

ar“0 bui 

1 1 

, . „ u, , , ^ ^ ^ ^ 

at i on 0 “F v-i 

erds - 

and Vvcrds 

b'/ 


.... ^ 4 - p 4 - 4 p o t a a ’'i e simplest s li b p a. 1 1 e r n s ( p a 1 1 e r n 



r i i ■*“ 1 P £ ' E s 1 c? c ■’i Gc 
p 3 i" t ^*? *■"* n ^ '^** !^i s m G w 1 G 3 * 


ORIGINAL PAGE IS 
OF POOR QUALITY 

should b G mu ch GE.EiGr tG reccani::G bh^.n bhG 


o ^ - poTMT SELEC'^IGN :^Mp PATTERM GPAMf'^APS 

ThoLiGh Gat.t.3rn Gri:r\iti*-/G3 E‘.rs bhe b-a-ic CGmcanent.3 c-f a 
^ .t? +• •*- r> ^ bh. ar"G p. ob gg.E'/ be pggcqp. izg« Fop GJc arnolG* sbPoicGs 
are conoidered oced primibi/GS ^cr ocripb handv'ir i bi p.g , and go are 
ohoenemGE or oonbrlnuoue opGGohs hovjever. neibher sbrol:es nor 
phonemsE oan eaoil /■ be 3 :;braobed by machine-. A comcrcmice 
bebi^^GGP ibs ueg oe a basio oarb o-f bhe oabbernE and ibs eaeiness 
•for rs'~*'~‘C’^ibion ie ofben required in. bh. e oroceee of eelecbino 
o a b b G"~ n o i m i b i '/g e . C Fu ' S2 ] . 

So far bhere ie no general solubion for bhe Drimibi\'e 
selGcbion problem . For line pabberns or pabberns described by 
boundaries cb sk el ebons, line seomenbs are o*fben suggesbed as 
^ 4 - ; V , ^ T K p i p f o p T. 3 . b 1 o p c h. 3 . 1 " 3 . p b G p 1 p 1 p p b h G p r 1 m b 1 G s can be 

considered as bheir asaooiabed ssmanbic informabion or as 

0 - f or primibive recocnibion. Through bhe sbrucubral 


C J tr- .i;: O !■ 


i p b i on oxn d b h e s e man bio o o e c i f i c ab i on c f a p a b b er n • bhe 
oe.manbic in-^ormabion assooiabed vjibh ibs subpabberns or bhe 
pa'^b'^"“p ci\p bhop bs deberm. ined, 

p‘?,bbGrn prim ibives are selecbed, bhe nerb sbep is bhe 


con sbr ueb i 

on of 3i or 

a m m a r v-i hi c h 

generata 

a language 

■“< C3 rr *- i f-' fn 

bhe p a b b G r n s 

under sbudv- 

J j_ 4 f:‘npv'jn 

bhab incPGa 

de-3cr i c-ti v 

'G pcvjer cf a 

1 anquaqe is 

paid "^cr in ber 

ms cf insrea 


•<- .•r\ r*- 1 \ ' 4”».’ 


bhe svnta 

r anal vs i 

s Evsbem (rec 

egn i 

accept or ' . 

The 

•rr. 1 o r* -f* ^ P 

of a 

parti 

cul ar grammar 

f r^r 

i " •*" i 

i E 

.•at f •£ 0 r; 0 d b 'r' 

bhe 

r i m i 

cr cr T <a:» t— •♦" p> H 

and 
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f-Fici- 


/e? and 


original page m 

DE POOP ^ 



-r 1 ATToTOMTirn noAMMiCiPP _ 

8 — original ?age Aj 

OF POOR quality: 

Attr i butad arammara i'lers -Firat -formulated by Knuth to aesior; 


o n w s /'» ■“ “f r“ 0 G? 1 n G li g g ■f r g rn t h €3 
Each pr cduct i GP. rulG c-f ar. 
\ G ’/p ac i G p Li 1 c ( "t. G Gp sc i "f 
a ssfnarvtiz ruls (tc adri ccnt:epiiual 




computat 1 cna 


; d ' I S d G N 5 P: Pt a 


c-f view, 

C G P. G i ■“ w S O 


an/. 


]. a n G a p s a: v r. t a / 

aepant i c ) . 

Ths -FcllcwiPG ia a ds-finiticn G-f attributsd grammars acccrding tc 

■L k- 1 ^ X I.- 1 T pn O f ■' *”) t '» "t h ■ 

An a ir. ii r i b Li b s d c c n b s b "f r s s c r a m m a r is a b ui p 1 s 


f \ } \ f p q ) 

‘ V . ^ * r , O / 

M f 


w h e r" 3 


I } 


--;-C 


:n t sr mi na J 


\ i 

'T 


S ^ V 


set of terminalSj, 
start symbcl 

t h s r s E ; : i s t s a t i n i t s s s t □ "f 

1 s a b G t ^ i b w* ^ s g “f { X ) b a '■/ inp a 33"*"^ 


w 

i' » ; I 1 ' ^ 

W ^ 'T ' 


Gr in-finitSj, ai psssibls values : and P is a 


3\tt r i but es A 
Eitbe:^ -finite 

set ct sr sd US t i CP! s sash o-f which is di'/idsd intc twc carts: a 

c n t a c t i c r u 1 e an d a semantic rule* 

In practical apcl i cat i cns ^ patte“"n classe-s can at ten be 
di't-'ided intc crcups, each crcup ccnsistinc at se\'eral pattern 
czlassss which are similar in stucture but ditterent in 
4 .. 4 - w- K : , 4 - 0 ,:;r, ^ T ^ I j ^ ^ ^ ^ ^ ^ 3 . P c !■" c c p i B. t E t Q c c p s t p u c t a n 

cxttributed Grammar tar each group at a at tern classes. The 
d i s c i m i n a t i cn at v»i thirv“QrGUD pattern classes is lett to 

- 1 1 a j — 1 c 1 a s s i t i c a t i c Pi c n a 1 1 r i b ui t e s ■ 
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CHAPTER THREE 


OF POOR QXJALITti A COMBINED SYNTACTIC/SEMANTIC APPROACH TO PR 


-T i ^ S*^ AT I ST I C AL APF'RG(3CH 

1 • Tu . . rr t h " -z o n t r z '/ e r z bet sen g e z- rr e t r i z end s t r u.z t ur a 1 
apprz’Rzb .33 icr zrzblerris z*f z at tern reccgnitizn esems tz 
ne b i ztzr i z al 1 v i nevi t ab 1 e v but terr.pzr arv , There are 
problenz tz vjhizh the qecmetriz -izz reach ic ideall'/ 
suited. Alsz. there are sene well I'lncwn z rob lens which;, 
though czlvable by the geonetric nethed, are mere 

e ^ s i 1 v' s z 1 '/ ab 1 e by the s t r uc t ur a. 1 az z r z ac h . But an y 


di-f-ficult or zb lens recuire a zznbi nation of these 
r-t r-» 3 V- ^ ^ ^ P s t h o d s Zx r o z r Zv d u a. 1 1 'v' c r '>' s t a 1 i c i n g to 

combine them: the structural azproach is the means of 

of convenient soaze; the geometric is the 
partitioning in it ’* C Ai serman^ £^91 - 


^ o m b i n i n z 
c\pproaches , has 


' ' n ■ 


^ i* .zj - 1 “ 1 z a 1 1 e r n r e c o z n i t i o n 

been ad'/zcated by se'/eral investigators in the 
^^.-4- '-I A G , C **^'0 a i 90 3 . The mot i\' at ion arises from the fact that 
n e i 3 r’ the s ' / n t a^ c 1 1 c 

’ ^ i 

Z a •- i w’ : I . . 1 ; 'ir , i i ' 

o att er n s 

; r-. ^ -I- ^ ri ^ Another z h a r a z t er i o t 

methzds is the ar b i tr ar i ness in tb 

— ~ +• i-\ ^ I.— p*\ V / -rr ~ a "I T 1 t Z 




v^eak 


handl i na nci S', 


ar i ses from 

the 

stati sti cal 

aoz 

bions. The 


and n l* m e r 

i c a 1 

dr awb as h: 

zf 

sel ecti on 

of 

1 u m b e r of 

u> 3.'/ 3 


semant 1 z 
structural 
pr i mi t i '/es 


for the 

cionstrv.cti or c-f grammars fer sicturss). 

_4. .,. 1 . ^4- ; - ^ 1 4^ incasabls c-f describing camgle:; cattern 

t-itrL.'.r.t'-'.res and cubpattern -slatipnc. Since bhe advantages c-f ene 

he 'ether. -a hybrid model that 
o h is d es i r a b 1 e in - e a 1 1 n z ’.'i 1 1 h 

•r Z ' I *r f.-m 4 “ 4 - j.- •«' W ‘ p p .3. ff; 3 3 ^ , G 'U Z Z S S t O d 


~T itb “.T* 4 - H-v 

the 

a b Zv c 1 s 

i nc:cr cor ates 

the 

ad\'an t ages 


b' 


‘zai a\nd Fu. 19S0<, as such a tool. 
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3 1 "t. i b L- ’ - s d d r* 3 ;T. IT. 3. r* 3 4 T b. 3 s s rn 3. n ii i c 3 “ d fr p li b 3 b i c n i 3 d s r* "f c r^i 3 b 

•; ■'•i . ' T 4- r-\ ^ 1 ^. r* ^ V .• 4- d b 1 d 3 1 1 S C L> 1 P S Cj fP d H b 3 iT! 1 H 3 1 ^ 3 LI t d 3 b b G? r" H ) 

c-ibbribube3 3iC3crdinq bd bhe dsmanbic rv.las. Ib is dcssibls, 
b Li rind b h 0 c o m d l' b 3 b i d n cb* s 0 rn a n. b i c s li sins b h 0 d 0 rr: 3 . n b i d r li 1 0 s , 

b h 3 . b d m 0 n d n b 0 r Ti i d 3 1 ( d s j b d a b b 3 r n ) 3\ b b r i b v. b s d rr. a '/ nob b 0 

d ir b ^ '' T 3 bid b \ ' 3 . d 3 d d i r’' d d d m d l\ b 3 . b i d n b r d nr: 1 d 0 r 1 0 0 1 b 0 r Ti i n a 1 

3\b^^’ *^L‘b0'^j VJbiSrr ^ i"^ "^d I'- f* 4 - 1-| 

i r“: d Li b d 3 . b b 0 m fc be "find d l', b b h 0 d li b d 3* b b 0 j'" rr d d r r 0 3 d d n d i n d b d b h 0 

Pi c n b 0 r :Ti i n 3 1 ^ ■3^pd bd ddr'bdr'P. bbs ndcsssar*'#' sL'.bdabbsm abbribL'.bs 

0 ' ' b 3 , d b i d p. d 3 . d d d 0 d i i 0 d in b b 0 d 0 fr» a n b i d r l' 1 0 n Tbs 3- l» b b d r d V“ j o li 1 d 


I i ke 

b d 0 Pi c 

hasizs hs 

P 0 

bbab dL'.bpabbepp 

3\ b b p i b Lk b 0 d 

dan neb be 

0;: b"" 3 

d bed b 

B-f are svr 

bajc 

ap-al L'si s and 

sepanb i d 

dompubavt ion 

becau 

50 4 LJib 

r-k 1 1 4- 4“ ^ pS 

G u i 

d ^ P d ^ d "f n b a 1 ^ 

anal vdi d , 

bhe dV3bem 

, . ^.1 

pdb !■: 

rn ^ . 1 1 ^,. I K 4 j— t-k 

beppi pal d (op i Pi b i 

ves) shdul d 

be dpouned 


intd a PdPbdrminal dLibcabbsr n ) • This is indeed an advanbaqe 
L‘ d i n d 3 k b b r i b li b 0 d c ^*“ 3. rn rn are bed 3. l'. d 0 s li b d abb 0 f p. -3. b b r i b li b 0 e r b r s. c b i o n 
n o V'j b s — iT. e n q r e s *f "f i '/ d «■ j i b ■*“ b ^ ^ ' i d a p. d e o "f pT a ' ' a n a 1 'z s ' 

- d 3k i ■’ S C' « S Li d 3. n a d l' 3 vP. b 3. d 0 i d nob d b b 3 » i p. a b 1 0 b / n s i p d bhe 
d b b i d '*“ i d 3 ' ^ a d !d r w 3 k d b. 3 \ 1 d p 0 . A b e r b b i s d b a. q e * b b e res li lb id 3 k 
'- -z “ , 7 . 7 - b 0 d b ^ r p 0 d r 0 3 0 rr b 3. b i d rr i b b b 0* i p q li b i s 3- p b 3 k c b i c a 1 1 y 

ci o r“ r 4 G s b b e r v j i b b. i b d b d b a. 1 a b b r i b li b e l' e d b d p * T b e d a p d 3 p 

’..'Jill :'" 0 -i 0 db apv svpt 3 .cb i c 31 1 v ipcdsppBdb pddpesepb 3 sb i on 

O P P ^ d r' p ’ r-. 4 - 4 “ p > ' “ 4 " * : p 3 T 1 0 !'" P d P 0 d L!. d d a b b S P P 4 b b 0 

4 r- H -i ~ T .;:r ' .■ .-v 4 - ^ .t' d HH 3 P i C w 0 d C P 1 d b 1 d P d ‘f b b 0 1 P P LI b 

pabbe’^p id aide ar/ailable Pdw SMcedb ibd cl as a adsidp penb- 

The '^ip. al dbaqe is bhe dedisidppal’^ipd dep'fdpped dP bhe bobal 
~'\ b p ‘ ‘ ’/ ^ ~ p d’ cl a d 3 i 'f %■ b h s i n d li b c 3 . b b 0 p p « *!■' '/ c c p b i p i p. c 

3 b ■■■■’ ■ ■ - ■" 4 ~ 0 :T. 3 p. b i d d d p L) Li b a b i d p « 3 !'r d d 0 c i a i d rr :t 3 ^ ! i i p d «* bhe 
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,3l classification a 


c i n t c f i s vj , t !c s 


i^tc statistical dec i si cno.ak i ng 
T +-v-,^ -lassical statistical accrcach: 


: 1 > L‘.t i 1 i c at i on 


* jc — 4- 1 1 n f w n iTi 1 1 


^atter n 


desc-icticn , 


( 2 ) ef 


^sctivs a;-. traction cf subsattar 


attributaa, arc 


baser i at icr; and generati^ 


3-f Dstterni 


On ths at bar band, 


the svn.tactis oa: 


cf view. 


''■f c!’initi'/e and 


^ .^,,K 3 attern a.ttr-ibutas into the 


gr ixinn. at i s ail an. a.l \'3 1 — 


ct-f^srs the fcllcvjing ac‘/ 


d‘/ ant aces over 


^ ,^r- 4- ; 1 cN'ntactic methods: 

wT -i-w 4 r- cr i T.i •*" i ves and suboatterns, 

(1) f 1 an. 1 b 1 1 1 1'/ in j. - 


c o c ■ / s n e '■ 


.ion a c c u i" a c '/ ? 


(3) capability oi raesanising n 


' 3 ■*" t e rn s i. an' 


,^n red'-'.' 


3-f cranmatical sonpl e;; i ty , 


rr ^ 2 A PAT7 


AMALv^Tg SVlIErj tilNg Aii-isyiiD spai-1-af:' 


H 1 i 


, ►/-gar”r'r'’~'l'*“icn S'." 

iapram at a svntact’.c p.-it.er.. . 


t r i b 'j. t e d c r a. rr.r 


-ammars is sbown 


3 n CT' ■-! 


patte- 


, ‘r*-. _4.^,-^r■. •n-I^+''raK‘ '^r"30rCC 

^cr c 1 assi 1 1 c a.t 1 on , a. r-* 


, Given an input 


jssing, all necessar'/ 


. ^ o r"'- n*^dinc to some 

,T:itives and their attributes are e;;tra--t^d -.C-o. 


i^^'^cified or seed or' 


?c CTcai'SOl- Nc 


? w 4- *r? H 


•=. h ^ h i s st age bee aus' 


■’"he'/ a.re sti 


^ T 1 un!:nav‘jn , 


The ner.t stso is 


+'‘->pa ori rr.it i ve set i' 






/ -tP: ^ "" i 


_ 4 . ^ ^ u 3 s s i c n i n g 


S'/mb els t' 




4- i wo'T. ^ 3;ol o^t. i nc 


cencatenat i ns di recti cr 


4 X T ,7!, .-I vr- p:- 


n e r e lb* * - - 


-"esr esen t at i on i^ 


then anal-,r.'Sd s'.-nt a.s 


-tis.all .' using t^' 


be svnt.actic rules s^ t^.e 
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CHAPTER FOUR 




PRACTICAL APPLICATIONS OF PR 


1 T oMirn T AI^'PL I CAT I GNS 


‘^'*“icn3 C“f iD3't't.sr‘n i^sCwCni' 


■ p jm rn is ' 


i r.terest i ng 


el Bctro- 


0 n c e c f*'. 3v 1 cr c 5*. D !~i 


1 iri £'^T‘^’^E'‘'’CEPH AL^GRAPHY 


a' c^r“+-w-(— ^car-'— car 


ral zr3.T. 


^wCTiCls'' 


!:•■,' i e “f 1 0 c ui 0 0 n s a. 1 i z 0 fc a ' 


•+* ■; 4-w THpa i='crr: 


hb 1 B 


uti 1 i zed 


r. i z a 1 a e 3 0 e e rnen "t c 'f T.a n '/ n sur* cl cc i cal ar'. d 


.-■I f-x X ,' 


crcxisG -far rrcr. i ter i ng of 


p c\ i e c ^ ' ’ r*: d e r 


a r 0 c t h e 3 i a. ai n d c p 0 r 3 1 i o n C S 3 n d e r c c n ^ 0 H 


r:t rr •' f ,c| ^ 


arr.per ed 


j-^ x^f ^ 1-. — •j ^ w- -T^ r*x * t •-::; ^ rn f-' ! I +• 


^ -.X .-I -X 


! 0 c 3 r 3x 1 0 d t 'r' details, 


,.j . ». _ ^ 4 - 


c the n c r c t 3 1 1 , c r. 3 r '> ' i j 3 '»' e f c r"* m b ■ 


In □ r d C'" c detect a. t r c r n 1 i 


' e d c t c a. »' c 


T X -L u ,7- ^ [T‘ •" 1 ^ t. E E G d 'r' 3 d a 1 p 0 d in d s 3. 1 1 n c i'» i t h 


“ o T X o 1 


' 4 — ^ ^ ^ ^ ^ ^ P ^ ^ X 3 .P n a r iT. 3 1 i t i 0 c a s c c c i 3 1 c d t'v i t h epilepsy. 


ty 0 p- X 1 . Ts 1 1 w ^ f-' rr +- -f ^ 0 3 ^ n s d e '/ e 1 c c 0 d d 3 ■■ / e 


i.<4XI^ XXvo 


■*^ lO "L C? ”■ X n r“. X 


and cd ar c wa\^e 


,77 d r* 0 1 ] u Ore c f the rr: a s t 


-f ert r* I ‘ o od" ^ .' ' ’ 0 d p c c 3 c d 0 3 d 3 c t C* 0 p t c c ' 


X H C5 a 'T 1 ^ ^ ' ' d s* s 


~. r-> ^ I ^ »■•- ,c» ■^“ ■• 


-•xx irjrr 


■ 0 SP 0 Ct to 


X Xx /TH ^ r~n -• c: X r*' r-> -< -i X o d 


3 P ^ r 'Pi 3 1 1 ‘ 1 0 S M 
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■n ^ -'-k pC'p, T K,i PL!” CA' I ALS 


ORIGINAL PAGE IS 
OF POOR QUALITY 


cr c:> c b 1 *3 fTi S 


p 1 ^ 0 r*i Q i i~i ^ +* K ,ri' c 0 cj ' ^ w 


the 


mass 


0 1 0 c t f’’” i c a 1 3 c t i 1 1 ' ;' c "f the h 'l.i rr. a n h r” a i p. [! E 0 i p. s ^ S C' 3 • A 1 1 h o u g h h ■" 

c 0 a 1 i 0 d i E t a p t a the e a p a 0 l- p p e i“i 1 1 s e \* 0 ^"■ a 1 l*. s e t l% 1 a 0 p 1 i 0 a ■*" i □ n s 


0-F 


3. p e p 0 ’ Gi t h a ^ d 0 p. e a 


00 ppn i t i CP. - "^hese 


i 0 1 L'. "d e i p 0 s t i 0 a t i 0 P: c t the p 0 li p a 1 0 c p 0 0 m i t a p t 0 c "f h i c h s p 

cccpiti'»'s "fv-Pcticns* diacpcstic scpsenipc^ dittspential diacpcsis 
•ppd cPCQPcstic P/Esessmop**” —"f pe^i^^clc'^i'*” d’’S 0 p'dG^p'^»i'**'''^^a‘''“^'’'”'! 5 '**’xop 

0 "f the sta. 00s ct cpdipap '/ distLiPbed sIssCh apd 0 lassi*fi 0 a'*"i'^p 
the p 0 G p 0 0 1 0 c t p i 0 0 a. 1 1 e p p s a. s s c 0 i 3. 1 0 d is' i t h d i *f t e p e n t t d s s o *f 

p s 'jr' 0 h 0 1 p c 0 i 0 d p 0 s . S i p 0 a d p a i p e 1 s c t p i c a 1 p o t 3 p t i a 1 3 ( P EF* ) ap 3 
0 0 p e 1 a. t e d v.' i t h a. a p i e t •. ' 0 1 b e h a i c p a 1 a. p d clinical '/ a.p i a. b 1 es ii 
especiall'/' ticht e pcs pi mental dcsipps ape necessap'/'. 

It t e a t Ls p e 0 ape !p 0 1 n e p c p h v s i c 1 0 q i 0 a. 1 1 ^ iptepcpetaible, ^ the 
Li t i 1 i t 'y* 0“f e '/ e p 0 u*. 0 c e 3 3 ui 1 0 1 a 3 3 i *f i c a t i c p is 1 i V'. el%' tc be limited 
ip meet ape 1 i 0 at i OPE u f^eatupes should eporessed ip a topm .which 

is insen 3 itivs to iprelevant anatomic and metabclic variables™ 
Eample size det erm: pat i op :i a app I :i 0 at i or-spec i t i c since intra- 
and intarcerscp EEP variabiiitv is difterent for ditteront 
ppob 1 ems CGevi ns *’ SO 3 ■ 

*v 

Most cattsrn c 1 ass i t i c at i on algorithms have been aoclied tc 
PEP-’s including decision -functions, trainable 0 1 assi i cat i on 
networks, distance -functions, o-'/ntactic methods, 3 \nd h'/brids ct 
the p p oc eed i n g . 
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ORIGINAL PAGE IS 

‘.1 OF POOR QUALITY 

p V# .-X o i jr .:=\ p, ct ' ' ^ i '*•' i 3 ii s h -B '/ s b 0 s n i n ii 0 r* 0 0 1. 0d i r. 't. 0 

c-f svmmetrv 0 in 00 the last cer'.turv USsh ae-f -f er *’ 9^1^ ] . The 
interest has been rr.ainl'.' with the serceetisn c-f bilateral 
svrr.cetr'.'. At -first glance translational symmetry v'^ould accear to 
be the si me lest ct the s'/mmatr'/ cceratiens, yet, it is bilateral 
s'/m.met r 'r' ths.t is detected ncre cLiicl-:ly and with greater accuracy 

than the ether symmetries- A comput at i cnal mcdel c-f human 

c m m 0 ‘r- detect i on vi as d e '/ e 1 o c e d h\' S c h a e -f e r -for d e t e c t i n c the 

p |/“ C3 r= '.r:a m f~ c:i -C ^ ca H r 1 c u c / iTi m 0 1 r 1 0 s ■ "f oLi p. d IP t w o d 1 m 0 P S 1 C P s 1 
'=-.h.aoes. "^h i s model utilizes search st""ategies and a comnarison 

proc'^'^s “^cr detection. the search strategies consist c-f the 

_ , , ^ ^ ^ s e 1 i o p C"^ "feature oairs to come a»re "for the presence 

or a\b^“£^‘pce c-f s'/mmetr'/. A basic search strategy/ ’was soeci -f i cal 1 / 
"*0 1 i e d t o r'' e d c e the number c e a t li r e o a i i'' c o m o a r i s o n s carried 
o Li t h •/ - ■- i ■*-* -< "* i p c OP the d i f- e e n c e 3 , in the distances b e t V'4 e e n 

^ ** T K“ F? 1 +• -f e a t es , that rar e t cun d in the v ar i ous 

sv'fTimetries- "!"he *^esu'lts indicate a strcnc relationship 


' csf 




behan/iour o-f the model and that ot human sub - ects on symmetry 


detection t a s k s - 


^ 1 ^ ^ pp APF'L I CAT I GM "!"□ CA^JCER 

'*Breast cancer is the leading cause 


•as 


s r~ - +• cTi 


•C"f death in 

cs« the death 
"^he **ni^ed 
’ i o n i n c r e a. se s 

„ ^.--^^^-^ 4 - 4 -- 


Silvsrbsrg '71. 

^ ^ ^ ^ 4 _ cT ^ *-i 1 . 1 ^ 9 ) I. t h e I'" m c c r a . 0 !n '/ i s r e c a r d e d 

^ ^ ^ ^ ^ ^ -I- ^ ^ 0 a* r 1 '■ / detection o f b r e si s t 


o c c i d e n t a 1 

v;omenu Accordi ng 

rate is 22 

c er 1 00 , O'OO^ -f em a 1 e 

S t a. t e s -for 

the oast 4-0 yearsv 

the ^ i 

ear survi'/al :^ate 

10 “CO": wher 



o 1 Ti 
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ORIGiTs^AL PAGE IS 

OF POOR QUALITY 

c sn c 3 r « ^ b 'jv "ti i "t . 3 '/ 3. 1 L \ 3 13 3 ii i 1 1 ip d c li b ii ^ ^ T h 3 c 3 p d l' ^ ’* '•.r - h ^ » 
desizp.ed t 3 ri^itii^llv evaluate the '/aliditv c-f thsrrr.oar aphi c 
i. m a 3 3? 3 33 3 n aid b 3 ii h 3 3 3 r 1 ■•/ d 3 ii 3 3 b i 3 n 3 *f b p 3 3 3 d 3 a n c p . 

The-:' -fellow in 3 i~i a brie-f doseri obi on o-f bh 3 pr coed lip 3 bhey 
*F G 1 1 c V j 3 d j A 3 3 b 3 “F !2 4 3 1 3 rn 3 r. b 3 1 b 3 3 b li p 3 3 3 3 3 ) c b p 3 3 b 3 d b "" 3 m 


b b 3 p Ti o Q p a 3 b i 3 1 rn c 2 3 p. c e rn b i p 2 d i p b o 1 ^ 3 o rn d o u. p d f* b n r* s « 

T*h 23 2 "^3 3 bL'. P 33 'f’J 3 P 3 'l'-” 3 d a 3 ir^'-^itb 3 '^’^'^ 3 ’^P 

~ ‘ — bolp. L'. e inp 3 3 p. 3 P a 1 i 3 2d ip'/spse aoppoa.eby Ppop bht 2 pss’ulb ob bhG 
p 3 b b 3 ' p p 3 ' c 3 Q T' 1 b i e n 4 i b is b 3 l', n d b b. 3 b b b 3 p n g p p 3 b . p /-. +• 
3 „ 7 - b 3. bis * 3 p 3 3 p~ 1 ' ' b p 3 3. 3 b c 3 p 3 3 d 3 b 3 3 b i o n ■ 

4 . 1.5 AP!='LICATI 5 M CAPGTIG WAVES 


bt 0 b b 3 d 3 3 b s ’■ f' p b 3 . 3 b 1 3 3 A b p p p 3 3 3 n i ^ ^ 3 p d !■■ p 3 *■ j d 3 ® 

4- 

3 \'sbs 33 bop si snal Lindepsbapd i pc ha.'/e recenbl'/ been cpoocsed bor 
cApp 1 i 3 iib i 3 P in biomsdical snpineepinc C ApdLii no’ SG 3 . Amcnp bb3 
a 3 3 1 i 3 a. b i 3 r*^ 3 b 3 li 3 b n o b b 3 d s « a. 3 '/ s b 0 3 p b b 2 i n b 2 p 3 p 2 a i 3 n o b 

CBrc^zizl 3 L’.ls 3 vjai'/' 3 s LvSi no a -psnspal waL'oboprn oapsinc s'/sborn bais 
boo n d o G 1 3 3 o d b S b 3 3 i nan 11 f’ ! anal Oi n d b 1 e ■ 

The nobi'/abion bcp ainad'/cinc bhe capcbid signal pesides in 
b bi o f a. 3 b b b Sv b 3 p o b i d a,p b o in b n o n o 3 i ! is b b o 3 3 i n b in bhe 
a p b 0 p i 1 s ' s b 3 rn close bo b b s* o a p b v* In e p o o e p n a 1 ( n o n ■“ i n a s i ' ^ ' 


s o n ^ i n 3 3 n bo c -n p p i o d o ' ' ^ o c p o 1 d 3 l' 1 s o v-nn e n h 


; u i 4- > 


Vv*i dep 


s b p ■ ■ c. ^ ' p ^ 1 *‘t' a p a i ^ n ^ b h a. n 3 li 1 s e vj 3 '■»' s s p 3 rn ■!" b 0 b ^ d ' 3 3 i n f* i 

' -:rr ^ ■’" p7 *.' ' ' ^ I"’ T? ^ •’“( k" (p- 1 rr> i i— k .£ k- ^ ^ .tj C'> t|3 3 IP d 

c~ 3 Y" 1 '/ \ ■’ 2 e n s ^ 3 an be c a. b h e p e d "f p 3 ir* c p 3 d 3 ' i o 


wave. 


Though e » 4 ^ p !■- i 3 r'” 3 c 3 s 0 d in b h 0 A p d l> i ri c 3 a ^ 0 f 3 1 1 3 ’i ‘J s ^ b 0 
: Q-^ £tac I;m 3 .r'. , K=,nsl 2nd Kvl e. irr^ccrtant - nnc.'r.t 1 ons 
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ORIGINAL PAGE IS 
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z e? r" i z the A r d L-. i n c i n t e f'” 2 r eii c. t i q n . One c *f these is that ^ 

■f un ^ n 1 z r S/' i rr. 3 1 i cn “t the V'v3'/S'f erm ct ths ss^r'sh "fs*^ 

•; ^ /-» *- .•;> '■•'•*“ s 3 1 res 3 n it i 'Z s e r h c iTi e zj s *f t s 3 . rz 3 ’j. t cm s t i c 

0':^ 'y w" r.'^ f •^~ ■* I***, '*■' yTt t 1 '"■ o *■“ ■^ ' ^ cr.i k~ •'*■■ ; j ^ h i ^ i O J 't: e ^ S’ *Ti 3 ^•' S ~ 

’ hest-s-./rshr sssus''' sn3.1\-s:s with sd'/srtscss 3.1‘^ead'/ tested in 
s V' s Si s d s ' / e 1 S’ s e d t s r ^ o t s si 3 1 i c 3 r s c e 3 s i n s s "f e 1 e s t r s ~ 

sardi'**^sr^/’'s *^wC0) ■ 

4.2-1 F'!^' AF''^'L I C AT I GM '!“□ CHARACTER PE^CCNITICM 


The s r" S' b 1 s S: s "f :Ti s h i n e i n 1 3 1 1 i s e n ■ 

.c y- ^ •)- ,-ys Q ^ ^ „ 4 . I ^ 4- ^ ^ 

E 3 p 3s i z\]. 1 the Si u t s fTi 3 . t i c r 3s s s p i t i s n s *f 
'e-s- al sh anzipier i s al ch ar act er z-: '■ was a i 
ear' 1 '■■ c! z\'/s ^ E spe bis c sne t er s smp an i 0 
iT \ s n s ■%■ i n ‘t s t !”; i ic r e ;5 e a i'" s h - L. si t e i'" on the 
1 i 1 1 1 e b 3 s a u 3 0 sf the large a me u n t s- 1 s s 
*p s d S'/ ,. V'v i t h the e n s r m 3 li s a m s li n t o i n 


se attrasts'd scientists 
b s r n C e r s s h ‘wi e r e n ^ 3 4 1 « 
d a t Cl s e n e r a t e d b ' / h ci mans 
a \' c u r i t e p r cb 1 err. in t h ose 
s spent a sreat ameumt st 
prsblem was abandoned a 
rnp'i'^inc poi'^jer '^eeded. 
srnatian prsdcised bv men 


an d mac h i n e , t h e s r cb 1 em ct c\'j. t srri a t i c r es eg n i 
s j“ 4- ^4 •T' n d :T n no p r i n t e d s h a rasters is a s a. 1 
Man c s rn p a n i 3 s t r '/ to t i n d a sol u t i sn 


T i-\ r% both h 3 n — 

up to date, 
s the a^ m c u n t s t 


a d r i i s 'b r a 1 1 c n 'b !c e n u s t t e a t « A 1 1 h o u s h n a n ■ \' e a r s h a */ e bee n 

p nj 4 “ Q p +• |-> 4 ^ r e 3 ^ r s h 4 n 'C s e n e r a 1 3 o 1 '_i 1 1 s n '3 i i i 3 1 s ^ The methods 

de''u'e loped "an^ nil parti s^ll\' emperioa. 1 and 33 '. i ted •for one 
p a r h ' 1 '■“: f'- H ^ * * [[ e ^ ^ h ■ '. e e n ^ 3 4 !1 - C n e o* *f the rr» c *s t d z. "f t i o *u 1 1 

.- 1 L i-v T T ,-v -L 4 ~ r:^ 1 .- ,•*■? .7} 4 nr t h E r 0 c o o P i 1 1 o p o *f h 3 . p d V'» r 1 1 1 e n 

characters. 
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ORIGINAL PAGE IS 

cursive script. of poor quality 


^ 4- M 

e t. e r rr. 

•i r-'. 4 r-t rr 

the identity' o t z e n. n. e z t e d 

szatial z'/mbols 

that ; 

z zr r 3 

<r. p !'"^ p, d 

4~ r-. 

,^n r 0 ’241!. 


The 

crob 1 

erTi ' 

jc ^ ur e i '/ e s c r i z t d i 1 1 e r 

2 from optical 

char ac 

“ti er 

S O Z- c 

initiz! 

n v;hizh zr edomi nan 1 1 v deal 

3 vj i t h discrete 

1 et.*t er 

z . 

and 

i s 

a!; in tz speezh rezogniti 

on d e a. 1 i n g vj i t h 

ciont i n 

uoae 

ngz 

,-nX r^ H r-sr* - Reesarzh 

r“i V' j c r d 1 e e 1 

r e d o c n 

"* t i c n c *f 

b "f 

line cursive script sterte 

?d almozt tv'jenty 

year s 

age 

and has be 

'en re'.'isited cnlv ezzaeicn,- 

Jllv I Amin ’241. 

e 

‘ecocri't.ior; meiih 

d e z n d E on the t \ ' p e the 

zharactere ta be 

recce'll zed 

Fo\ 

the Arabiz language >♦ e.g. 

4“ b o z h, a p e z t 

t-k .TJ r-' ^’4 ^ e ! 

- Ar 

ab i e 

zharactere dezends en thei? 

^ position in the 

vjord 

( r.+2 

b b 

ezininz, iz the middle. at the 

end or isolated 

~ r? •■- .TV -■ 

z t e r z 

^ r? 

“* n Q r e r u e- e m e z h a r a z t e r s 

are provided with 

gr ouz 

-f d 

zb s . 

T b 0 ,“i 

'”h ar act er i zt i Z3 were uzed 

b ' / Amin e t . a 1 . t z 

T ..j -X , 

- e 

" an 

e-Fr i z: 

' .t»pd z^^iqinal method -f e 

r the recognition 

ai i 

-+• 

-'d. vicrdz". 

^ T' u'^en 1 1 . bhe came grz 

? L’ z c -f a u t h o r z i z 


\' w d 

i f~i ~ 

new 

4- ^ uzi no s'/ntaztiz moth 

lodz to recognize 

word 3 

vii 

, t h i n 

'r. ca "f* 

enc2s>. In their research' thev cembined 

4- .:j y~ i 

C “ 

•il end evnt 

•a ' " t i z n e t h G d s . 


In gansral 

L . 

r- ' '. r Z i 

\'B vicrd iz recognized throi 

i c h a h i e r a r c h i z a 1 

ar al V 

'£•135 

a wor 

i E 

decompcsed intc letters. Ic 

otters into st'^okes 

a\nd 

^ 4- V- ^ 1 

kes i: 

t z or 

■initivs elements lEdan’SlC! 

hierarchical 

anaL, 

' S 1 3 

zan 

■t? ^ :r '*1 

be made with the aid o-^ 

Geometrical graph 

reo resent 

at i cn 

4- 

model s the lin-a structures 

’ r-. Qi'/^r. curzi’/e 

-1 

r u 

? yo 

: . 
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IRAC •: i r.ter act i ve ^:ecccf~^ Arabic Characters), 

ds'/elccab bv Amin et . al . , ic a system cacable c-f translatinc 


si 1 e 

hand'wr 

i b e Pi A 

r ab 

i c sep. b e 

p c e s 

i p. b c French- T vv' c 

n e b h c d s 

v;er e 

ex per i 

rn p. b e d 

X +■ H 

e r 

ecccpibi 

cn C"? 

bhe V' j c r d s 2 The 

-f^erner i 

s a 


i a 1 

nebbed 

b a 

sed cn 

bhe 

secnenb ab i cn 0"f 

wer d s 

i nbo 

p r i rr. i b 

i ves 1 i 

k e c L'. r %■ 

' es 

and E b r c 

■kes . 

An aubenaben br 

a n 3 "f o r rn s 

bhe 


primitives intc the list ct characters constitutinc the 
word. The latter method uses a global accroach: each '.jcrd is 


i ~f i 

par amet , 


dine be a 

veebor c-F 

i 

a s'/nb aebi cal 

and senanbi 

c a 

bruebur e and 

bhe meaning 

C'f 




' o K" ^ rirr. 


v^jhich is t”-anslated vjord bv viord into French. The French sentence 
r w r. o 'j. n z 0 d b '/ a. e z g e c b. z '/ n ii h 0 z i z e r - 

4 ,"^ I ^iDUST^' I A’.. AF'^'L I CAT I ONE CF F'F: 

Th e r d u z b r i a 1 aD ZJlizabicr. z c*f Eabbarp. raccznibicr. ar 0 00 

CP. 0 cap p.cb e‘/0P. attefnpt be epiamerabe bhenr. « In bh© 

^ bhase apclicabicns vjill ba 




C P: i '/ 


rc r-' rn a rh J 


boll ov\'i pg Ciacb 
nepc i cpad > 

4 y., I TAr'HINE ^’lEIGN AMD ^‘CBCTICE 

Albhouch rebeb vicicn ic a nevM bachp.clcgVn ib h3i= baap 

sue cess-f ul 1 '/ be a varieb\' c-f inducbrial needs in 
insDection, manu-f acturi ng, and material handling CTromblv ’341. 
Mew develocments in robot technology are creating practical, cost 
ef-fective solutions tor a variety o-f industerial needs. 

, 0 , 3 ,pp. researchers and ^obet manu.-f actu-^ers interested 

in implementing a robot •.■ision application could take one ot tv;c 
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• i w- .r, cr. ,p 

Ell the 

sours - 

T h b ;T^ S 3. r ' 

•“ .'o ro ^ .‘.b 

r o !T. E. n o b hM 

The user 

b h o r, h. 3 d 


b c r i b 0 

prccoss 

+• ]-N o s i 

.b ***' .0> •"*” 

v;as to CO 

cd 0 si o 0 iT. s r' b z \ Ti d 

^ — 4- , 

1 ^ o rn or ' ' cr 


UTrcrr.blv 3 '.nd H'j.d":=Qn ’94]. Th« -first SDsrsach vjas ts 
ncsssss:^'/ '/ision csfr^^^onGnt E -frsrr. various 
tu'/irs i\r: irr.aQS prccsssor -f-rom or. s ssrnpar. a 
'a d 1 f * s d 1 i 0 h t s c L'v r s o s “f r o rr o t a r o t h e r . 
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A'PPENDIX II. Edge Detection and Image Processing Using a 
Gradient and Edge Following Method 
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CHAPTER ONE 


INTRODUCTION . 

A most significant branch of recognition technology is 
"image processing". It involves transforming pictures into 
forms that facilitate analysis by machines and/or humans. 

Edge detection is generally an important step in 
automatic image processing. For the most part, edge 

detection is a two-step process. The initial step consists 
of determining the local edges (e.g., gray level 

discontinuities) of an image. The second step in this 
process involves a method of connecting local edges into 
global edges. To accomplish this, we shall use an edge 
following -technique. 

This paper is an investigation of one method of edge 
detection. Programs are provided which illustrate the two 
step process involved in the problem of edge detection. 
Generally, the detection of edges is started by performing 
local operations on picture neighborhoods through the use of 
an edge operator. These operations, sometimes regarded as 
local edge operations compare intensity values within small 
regions of the picture. Among the many edge operators which 
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may be used for detecting edges, the gradient will be used 
in this paper. It is one of the most commonly used edge 
operators. The result of the gradient" is a vector attached 
to each picture point indicating the direction of maximum 
gray level change. The picture is similar to the magnetic 
field in the space around a magnetic bar where lines of 
force are used to show the direction a particle would tend 
to move. The lines of force, like the orientations from the 
gradient, form a convenient way to create a visual image of 
the situation. 

The gradient operator is applied to each pixel or 
element in the input picture, thus transforming the picture 
into an array of gradient vectors. Each gradient magnitude 
is compared to some threshold value. Those magaltudes less 
than the threshold value are, for all practical purposes, 
disregarded as edges. Gradient magnitudes greater than or 
equal to the threshold values represent significant edges in 
the image. The technique of thresholding is a way of 
segmenting or separating the object in a picture from its 
background, assuming that the picture is simply an 
object-background image. The process described above is 
generally referred to as a preprocessing or early processing 
technique. 
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A method for edge following will also be presented in 
this paper. The edge following technique computes a 
"goodness of fit" measurement for each ^air of adjacent 
pixels. The goodness measure is based on the gradient of 
each of the two pixels. Combining pairs of pixels that fit 
well produces longer edges. The outcome of this method is 
in the form of a chain-coded representation which 
illustrates the direction of most change in the picture. 


CHAPTER TWO 


DESCRIPTION OF THE PROBLEM 

> 


This paper focuses upon two types of image processing 
problems. The first, referred to as local edge detection, 
basically involves locating discontinuities of gray levels 
in a given picture. The second problem, edge following. 
Involves linking local edges to form global edges. The 
following paragraphs will be a discussion of these concerns. 

2.1 THE EDGE DETECTION PROBLEM 

Central to work involving picture processing by a 
computer is representation of the picture. Since the actual 
object cannot be manipulated In the computer, a model which 
can be used is generally constructed to represent the real 
object. 

A picture is typically recorded as a vector or array of 
fixed dimensions. It consists of components which may be 
accessed arbitrarily by specifying an index which gives the 
position of the component within the array. For example, 
the picture may be given as a rectangular array of M x N 
dimensions, where x={0...M} and y®{0...N}. 
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Before a picture can be analyzed by the digital 
computer, it must be converted to a ^discrete form or binary 
image. This is usually achieved by recording the picture 
photographically and then transforming it based on intensity 
values within local regions of the picture. In the case of 
the black and white picture, these values are referred to as 
gray levels . 

A point, (x,y), in the digitized picture is referred to 
as a pixel. Each pixel can be said to represent a square, 
with the horizontal and vertical neighbors of (x,y) sharing 
a common boundary, and its diagonal neighbors touching it 
only at a corner. (See fig. 1) 
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fig. 1. Representation of a pixel on a 3 x 3 
grid and its eight adjacent neighbors. 
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Except for those pixels in the first or last row or column, 
each pixel in a rectangular grid representation has eight 
immediate neighbors associated with it as shown in fig. 1. 
The neighbors are identified as 

(x,y) > (x-l,y-L) ,(x-l,y) , (x-1 ,y+l) , (x,y-l) 

(x,y+l) ,(x+l,y-l),(x+l,y) ,(x+l,y+l). 

An edge element (x,y) defines the common boundary between 

two adjacent elements. An edge is a sequence of edge 

elements (x ,y ), (x ,y )...(x ,y ), such that the sequence 
11 2 2 n n 

of boundary segments they define on tne rectangular grid is 
connected. The direction of a segment is determined by 
moving clockwise around the boundaries of the edge element. 

Each pixel has a gray level value which can be modified 
by applying an operation to it. There should be an abrupt 
change (edge) in gray level at the boundary between black 
areas and white areas. For instance, by applying an edge 
detecting operator to a black and white picture, edges can 
be detected. A simple operator for detecting edges is the 
gradient. This operation on a picture computes a value 
(gradient magnitude) which reflects the amount of variation 
in gray level at a pixel. That is, high values are in areas 
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where edges are located and low values elsewhere. It also 
computes a direction which corresponds wijji the direction of 
maximum change in gray level. * 

Thresholding these magnitudes is a way of segmenting 
the picture into two regions of gray levels. Points where 
the gradient magnitude is greater than or equal to a certain 
threshold is determined to be an edge element candidate and 
is set to the number 1, O's are assigned elsewhere. This 
new image is a two-valued image sometimes referred to as a 
binary image or discrete values. 


2.2 THE EDGE FOLLOWING PROBLEM 

Edge following is Implemented after the set of edge 
element candidates have been Isolated. The focus of the 
edge following technique is the location of connected edge 
elements and a process for linking these components as an 
indication of the "goodness’* of an edge. Goodness here 
refers to a measure of how well two adjacent edge elements 
"fit together". A local neighborhood of a pixel is defined 
as the pixel and its eight adjacent neighbors on a 3 x 3 
grid. A check in the direction of each adjacent neighbor 
for one which has the largest "goodness" in relation to the 
central element, yields the next element. All edge element 
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candidates (those pixels marked with the number 1) would be 
processed in the same manner. The goodness operator, a 
locally applied operator, computes a goodneds of fit measure 
in the local neighborhood of each central pixel, which 

allows these comparisons within the neighborhood to be 
successfully implemented. 

As aforementioned, when we view a pixel as a square on 
a rectangular grid, it can have eight adjacent neighbors. 
To determine which neighbor has been chosen to have the best 
fit to the central pixel in a local neighborhood, a 

direction code represented by the numbers { 1 , 2 , 3 ,... 8 } is 
assigned to each of the eight neighboring positions. The 

coding procedure used to identify a neighbor is 

straightforward, it assigns the adjacent pixel vertically 
upward from the central pixel the code 1, and other codes 
can be determined by making assignments progressively while 
moving in a clockwise direction. An illustration of the 
coding scheme is provided in figure 2. 
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fig. 2. Coding scheme used in the 

ass ignmen c of direction codes. 

In generally, we can say that the codes represent arrows or 
orienta tions as indica ted by the coding scheme . As the 
picture is scanned, a direction code is assigned which 
corresponds with the neighbor having the "best fit" to the 
central pixel. The- codes generated from this can be said to 
represent a "coded picture" when displayed in the form of a 
ma trix, as shown in fig. 3. 



0 0 
0 0 
0 1 
0 1 
0 1 
0 0 


0 0 
3 3 

0 0 
0 0 
3 3 

0 0 


0 0 
7 0 

7 0 

7 0 

7 0 

0 0 


Chain-codes: 33717171337 
fig. 3. The matrix of chaincodes. 


Here, the coded picture illustrates the direction in which 
the maximum amount of change is occurring in the picture. 
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CHAPTER THREE 


IMPLEMENTATION NOTES ^ 


The thrust of this study is edge detection and edge 
following. The proceeding is an explanation of several 
programming considerations. The program was implemented in 
standard PASCAL on the VAX 11/780. 

3.1 INPUT DATA 

The picture will be in the form of a black and white 
representation. Each pixel in the picture provide some 
detail about the picture. In this case, a description is 
needed which represents both the image (black area) and the 
background (white area) of the picture. By using an 
asterisk (*) at each pixel where the image is located, 
representation of the desired image is generated. The 
background is made up of any other character. Using this 
arrangement, a number of different images may be created and 
processed, respectively. This picture will represent the 
original or input' picture, as illustrated in fig. 4. 



t 



fig. 4. A representation of the input picture. 


The picture is placed into a data file which is a way 
of assuring that it will not be destroyed or altered in any 
way. However, for the purpose of analysis, the picture is 
copied into an array, of a size equal to the data file. 

3.2 INTERNAL CODE 

In order to further process the picture it is necessary 
to encode the input picture numerically. For this purpose, 
descriptive values are assigned to each pixel of the 
picture. This is accomplished by scanning the picture from, 
left to right, top to bottom, whenever an asterisk is 
encountered the number 10 is assigned to that pixel, 
otherwise a 0 is assigned. The values are descriptive of 
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the data located at each pixel. In this case, the values 
represent the two regions of gray levels. The number 10 
represents the black, area and 0 is for ^he white area. The 
choice of the numbers is arbitrary, but must be different 
enough to distinquish the two regions. This numerical 
description of the picture is stored in the new array, 
NUiMPIC(x,y] . It is obvious that before the picture is 
completely analyzed, it will undergo a number of 
transformations. In fact NUMPIC[x,y] will be used In 
subsequent algorithms for further manipulation and gray 
level interpretations. Using the input picture in fig. 4, 
the data in the new array would be represented as shown in 
fig. 5. 
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fig. 5. The numerically encoded picture, NUMPIC. 


63 


CHAPTER FOUR 


PROGRAM DESCRIPTION 

4.1 EDGE DETECTION TECHNIQUE 

It is known, in general, that an edge represents a 
location in the picture where an abrupt change occurs. To 
determine where these changes are occurring, a gradient 
operator is applied to the picture. Since the gradient 
operator is a continuous operator, it must be converted to a 
difference operation for use on a discrete picture. 

Ue use : 

Diffx » Numpic[x,y) - Numpic(x+1 ,y ] 

Diffy * Numpic[x,y] - Numpic (x,y+l ] 

Using data from the numerically encoded picture, this 
process would generate data similar to that shown in figs. 
6a and 6b. 
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fig. 6 


(a) Diffx 

0 -5 -5 -5 -5 0 

0 5 10 10 5 0 

0 5 0 0 5 0 

0 5 -5 -5 5 0 

0 5 0 0 5 0 

0 10 10 10 10 ^ 

(b) Dlffy 

0 0 0 0 0 0 

-5 10 0 -5 10 0 

-5 5 5 5 10 0 

0 0 0 0 0 0 

-5 5 5 5 10 0 

-5 10 0 -5 10 0 

fig. 6. (a) and (b) Represent data In the 

two difference matrices, Diffx and Diffy. 
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Using Dlffx and Diffy as components of the gradient, this 
operator is now represented as: 

m 

2 2 

Gradient » Sqr v(Diffx(x,y ] + Diffy[x,y] ) 

Gradient ma gni tudes are generated by applying the 
operator to each element in the numeric picture starting in 
the first row and ending in the last one. (See fig. 7a) With 
this data, edges can be located by thresholding the 
magnitudes. The threshold is supplied at runtime. 

The magnitudes generated from this operation which are 
greater than the threshold value are recorded as edge data, 
and are marked with the number 1, otherwise a value of 0 is 
assigned.. The I's and O's are stored into an array which 
represents the picture as discretes values. (See fig 7b) 
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fig. 7. 
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(a) Picture of gradient magnitudes. 


0 0 0 0 0 0 

0 0 1 1 1 0 

0 10 0 10 
0 10 0 10 

0 11110 
0 0 0 0 0 0 

(b) Image of discrete values (local edges). 
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4.2 EDGE FOLLOWING METHOD 

Given the local edges found in the proceeding 

operation, we use the goodness operator to determine how 
well adjacent pixels are connected to the central pixel. 
The goodness operator uses gradient magnitudes and 

information from the two differenced matrices, 
(Diffx[x,y] ,Diffy[x,y]) . The goodness operator is defined 
as : 


GOODN = ( ( Dif f X [x, y ]*Dif fx[x ,y ]) + 

n n 

(Diffy [x,y]*Diffy[x ,y ]) / 

n n 

(Grad[x ,y ]) 

Q n 


In this formula, (x ,y ) locates data at the position of an 

n n 

adjacent neighbor and (x,y) locates data at the central 
pixel in a local neighborhood. Using this equation, a 
goodness measure is computed for each of the neighbors in 
the local neighborhood of the central pixel. The goodness 
value for the eight neighbors are compared to each other. 
The "best goodness" is recorded together with the position 
of the adjacent pixel with the best fit, the position of the 
central pixel, and its gradient magnitude. 
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Recall, the gradient computes an orientation of 

discontinuity, which are basically directed lines indicating 
the direction of maximum change in tjie picture. 3y knowing 
the orientation of the line formed from the x and y 
coordinates of the central pixel in terms of its gradient 
(Diffx,Diffy) and that of its adjacent neighbor of best fit 
within the local neighborhood, an angle can be formed. The 
angle is formed when an adjacent point is projected onto the 
central point. The two vectors can be used to reflect how 
parallel or perpendicular the gradients of two pixels are to 
each other. The more parallel the gradients are, the 

smaller the goodness measure. The more perpendicular the 
gradients are, the larger the goodness measure. More 


continuation of an edge. 

Each of the eight nelgbors in the region is assigned a 
code {1,2,..., 8} moving in a clockwise fashion. The code 
represents the direction in which the edge is moving. It is 
also recorded as data from this procedure. Here the edge 
pixel represents the central pixel in the local neighborhood 
and the neighbor with the best goodness reflects the 
adjacent neighbor with a magnitude most related to the 
magnitude of the central pixel. Local edges are generated 
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by applying the goodness operator to each local neighborhood 
where a pixel at an edge exists. 

The edge following method is controlled by a procedure 
which produces a record of local 'edges, a gradient 
magnitude, a goodness measure, and a chain-coded direction. 
An illustration of a chain-coded edge image for our example 
is shown in fig. 8. 

0 0 0 0 0 0 

0 0 3 7 1 0 

0 10 0 10 

0 5 0 0 5 0 

0 3 3 7 5 0 

0 0 0 0 0 0 

fig. 8. The chain-coded image for sample input picture. 

In this way, the chain codes can be used to link the local 
edges together to form a global edge. 
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CHAPTER FIVE 


PROGRAMMING STRATEGY 

t 

A method for edge detection is discussed in this 
section which allows for simple patterns to be conveniently 
represented and analyzed for image processing. The strategy 
used in solving the edge detection/edge following problem is 
outlined below. 


5.1 MAJOR DATA STRUCTURES 


RSIZE : row size 
CSIZE : column size 

UBOROERX and LBORDERX : upper and lower 

boundaries of the x 
coordinate 

UBORDERY and LBORDERY : upper and lower 

boundaries of the y 
coordinate 

DIFFX and DIFFY : components of the gradient 
GRADIENT : length of the gradient 
THRESHOLD : a value initiated at run time 
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CTX,CTY : the central pixel of the local 
neighborhood 

ORIGPIC [ctx, cty ] : a storage location for the 

picture 

NUMPIC[ctx,cty ] : an array holding the numeric 

picture 

ADJPTARY : an array of adjacent neighbors 
ADJX,ADJY : the adjacent pixel with the 
best fit 

GOODN : a measure of how well an adjacent pixel 
fits together with a central pixel 
BESTGOODN ; the goodness measure of the 
adjacent pixel with the best 
fit to the central pixel 
CODE (ctx, cty] : array of direction codes 
RESULT [ c tx, c ty ] : array of I's and 0"s 


5.2 INPUT FILE DESCRIPTION 

PICTURE is a text file where the input picture is 
stored. Using asterisks (*) to outline the image (black 
area) and any other character to represent the background 
(white area), the picture is created. When a new picture is 
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to be- processed, the existing input picture would need to be 
discarded in order to create a new one in the file. 

5.3 MAJOR PROCEDURES 

' f 

A. MAIN PROGRAM 

1. Read the picture Into array ORIGPIC. 

(PICMATRX) 

2. Encode the picture numerically, by scanning 
the picture and replacing the asterisks 
encountered with the number 10, otherwise 
assign 0. Store the new image in array 
NUMPIC. (CHANGEPIC) 

3. Develop the components (DIFFx and DIFFy) of 
the gradient operator. (DIFFERENCE) 

4. Apply the gradient operator to the picture. 
Compare the gradient magnitudes to the 
threshold; if the gradient[ctx,cty ] is greater 
the than or equal to the threshold assign a 1 
to pixel, otherwise assign a value of 0. 

Store this data in array RESULT. (GRADTHRSHLD) 

5. Search and produce the chaincodes. Store the 
codes into array CODE. (NEXTSEARCH) 

6. Display array CODE. (FINALMTRX). 
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B. NEXTSEARCH 


For each pixel with a gradient magnitude 

greater than the threshold do the following: 

1. Find the adjacent neighbors 'of the pixel 
and store this data in array ADJPTARY. 
(FINDADJ AGENT) 

2. Compute a goodness of fit measure for each 
adjacent neighbor in the local neighborhood 
of the central pixel. Compare the values 
within the local neighborhood to determine 
which has the largest "goodness" relative 
the central pixel. Output the coordinates 
of the central pixel, the coordinates of the 
adjacent neighbor with the best goodness, the 
gradient magnitude of the central pixel and 
the goodness measure. (GOODNESS) 

3. Direction code is computed and stored in 
array CODE. 


C. FINALMTRX 

Output the array of direction codes. 
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CHAPTER SIX 


CONCLUSION 

This paper provides a system of picture processing for 
the detection of edges in gray level pictures. To 
illustrate the effectiveness of program EDGEDETCT several 
Images have been processed. Images tested in this study are 
size 10 X 10. In this program, the user must create the 
input picture in a text file before the processing begins 
and must also supply a threshold value at run time. By 
entering the threshold Interactively, it has been determined 
that for the examples used, threshold values between 8 and 
14 are considered appropriate. That is, any number greater 
than 14 will cause a loss of relevant edge data and values 
less than 8 will pickup undersirable data. 

An edge following technique is also presented which 
Illustrates the concept of edge "goodness". The edge 
following technique uses a 3x3 grid representation, which 
includes a central pixel and its eight immediate neighbors. 
Using a local goodness operator in local neighborhoods of 
the picture, yields a lists of connected elements. A coded 
direction scheme is employed which plots these relationships 
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in a chain-coded matrix. The coded picture may be 
interpreted as a direction matrix whftre the codes represent 
orientations of directionality. 

Basically, the mechanisms involved in the edge 
detection/edge following technique include a series of 
transformations of an input picture. Starting with an 
original image, a new image is produced. In a sense, our 
beforehand knowledge of the original picture is limited, we 
know more about the new image since each transformation 
provides additional information which can be better 
interpreted by us. For example, the comparison between the 
original picture (figs. 4 and 5) and the chain-coded image 

t r» e Un /^r.f 1 a/ 1 rrA 4K/^*1#» a 4 a a 1 

\ ^ bVAA W *« A W Wk/WMW W4AW W k ^ ^ ^ 440 ^ ^ ^ W U ^ O WiiAW 

we can better understood. In the Instance of our example, 
we can interpret the codes to present the direction of 
maximum change in the picture. 

One of the difficulties with the program described in 
its present form is the problem it has in interpreting the 
corners of an object during the scanning of the pictures to 
locate local edges. There was also a limitation in the 
types of pictures which could be created. Simple patterns 
were primarily used in this Investigation. 
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Despite these drawbacks, the pictures sampled indicated 
that program EDGEDETCT was effective in the extraction of 
local edges. In addition, the program was capable of 

growing an edge and determining the sha^ie of objects. 

Although the program sends the output data to a 
standard data file, it can also be captured in the Virtual 
Memory Storage (VMS) using a Define/User command. A copy of 
the program is provided in the APPENDIX section of the 
paper, along with printouts of the sampled data. 
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APPENDIX 
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ORIGINAL PAG:a 13 
OE POOR QUALITY 

8R0SRAH £D6EDETCTiINP!JT.3ljTP'JT. PICTURE) | 
const RSIZE*?! 

;SIZE*9; 

UB0RDER!(=9j 

LB0RDERI*O; 

UBQRD£PY»9; 

L90RDERY=0! 

type » 

BRAOAPRAYsflPPAYIO. .CSIZE, 0. . RSIZEZOF REAL: 
ORISINAL*ARRAYCO..CSIZE.O..RSIZEJOF CHAR; 
OR1G*ARPAYCO..CSU£.O..PSIZEZCF REAL: 

deltay=arrayco..csize.o..rsize:cf real; 

DELTAX*ARPAYCO . . CSIZE. 0. . RSIZEIOF PEAL; 
TE!1PTYPE*ARRAY[O..CS!ZE.9..RSIZE]OF PrEC-ER; 
DIRECTI0N»ARRAYC0.. CSIZE. 0..RSIZEZCF INTEGER 
500DVALS»ARRAYI0..73of REAL; 

POSITIDN=RECORD 
I; INTEGER; 

Y: INTEGER; 

END; 

AD.'.--,-A JICF rCSITICN: 

vir PICTURE: TEXT; 

QR!SPIC:ORIGINAL; 

NURPIC:ORIG; 

DIFFX;DELTAX; 

DIFFY;DELTAY; 

ADJPTARYiAOJAPRAY; 

GRABsGRABARRAY; 

RESULT. TEMP: TEPPTYPE: 

CTX.CTY: INTEGER; 

THRESHOLD: REAL; 

6EST6000N:REAL; 

PI, PY: INTEGER; 

CODE: DIRECTION; 


I 


dsjginal page is 

Di EOOR QUALITY 

ttttmtttttmittmimttmmimtmtmttmmttttmtmmmttmtt 

I This jroceflure c::;s 5 the sicturs ■:*' astinsKs and Slanks fr;j the I 

I data file PICTUPE.dat where it is stored, int: aatri;: array ■3SI5PICC,';,y] I 

mmmtitmmmtuttimtmmtimmmmmitmtmimmmmt 

PROCEBUPE PICnftTt (QRI6PIC: 0RI6INAL! ; 

VAR I, Yj INTEGER; 

BEGIN Itt PICKATX II) , 

RESET (PICTURE); 

NRITELN; 

BEGIN 

FOR l:*0 TO PSIZE DO 
BEGIN 

FOP Y!=0 to CSIZE DO 
BEGIN 

READ(P!CTURE,0RI6PIC[X.Y3); 

END; 

REAOLN (PICTURE); 

END; 

NRITELN; 

NPrELN; 

END: 

END; { END OF PICHATI ) 


SO 



ORIGINAL PAGE IE 
OF POOR QUALITY 


mumuuutuummttuummtmtmmumuutttmtutuuutu 
t ProcBdurs CHANGEPIC, scans the picture and assigns • nuober tc each i 
I point in the oicture. The nuober 10 is assigned to points where an 
t asterisk resides and O’s elsewhere. This new picture is stored in i 

I array NUf1PIC.Cx,y]. 

ttmmttmmutmmtttmmtmtmuuttuttmuuttmtmmuut 

PROCEDURE CHAN6EPIC!QfllGPIC;0RI5INAL;VA| MUfiPlCiCRIG) ; 

VAR X,Y: INTEGER; 

BEGIN (It CHANGEPIC tt} 

NRITEINI’ THIS IS THE PICTURE’); 

NRITELN; 

FOR TO RSI2E DO 
BEGIN 

FOR Y:=0 TO CSIZE DO 
BEGIN 

IF ORIGPICIX.Yls ’r 
THEN NUNPICIX,Y):*10 
ELSE 

NUNPICCY.Y];*'): 

KRITE(TRUNC(NUnPICIX,Y]):4); 

END; 

NRITELN; 

NRITELN; 

END; 

NRITELN; 

END; { END OF CHANGEPIC ) 
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PABB B 

OP POOR ovAun 


mtmmmmmnmtutuitmttmttmttutmtmmmuummutt 


This procsdurs divides the picture into two difference latrices, t 
the vertical difference (DIFFs[;<,'/]) and the horicontal difference I 
(DIFFy[x,y]), This difference inforsation is the apprcxnation t 
to the gradient used in the orograe. I 


tmmmmmtmtmmmmmtmtnmmtmtuttmtttmmmmt 

PROCEDURE DIFFERENCE '.NUnPlC: DRIB; VftR DIfFK:DELTAX;VAR DIFFY;DELTAY); 

VAR XJtINTESER; 

BEGIN {tl DIFFERENCE II) 

NRITELNC DIFF(Y)’); 

FOR X:=0 TO RS12E DO 
BEGIN 
NRITELN; 

FOR Y:=0 TO CSI2E DO 
BEGIN 

DIFFYn,Y]:=(NU«PIC[X,Y])-{NUnPIC[X,Y+lI)/2; 

NRITE(TRUNCtDIFFYtX,Y]):4); 

END; 

4RITELN; 

NR^ELN; 

END; 

NRITELN; 

NRITELN; 

NRITELNC DIFF(X)’); 

NRITELN; 

FOR X:» 0 TO (RSIZE - 1) DO 
BEGIN 
NRITELN; 

FOR Y;=0 TO CSI2E DO 
BEGIN 

D1FFXCX,Y3;=(NUBPIC[X,Y1)-(NURP!CIX+1,Y1)/2; 

NRITE(TRUNC(DIFFXCX,Y1);4); 

END; 

NRITELN; 

NRITELN; 

END; 

NRITELN; 

NRITELN; 

END; { END OF DIFFERENCE ) 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


f- 


uttmttmtmtuumttmuiuttumtttnutuumumtttnmttmn 

t Procedure 6RADTHRSHLD coaputes a gradient aagnitude at edge pixel xfiich t 
t is csaoared to a threshold value that the user designates. Points where t 
t the gradient aagnitude is greater than the threshold are aarked with t'? t 
I the nuaber 1, otherwise a 0 is assigned. The I’s and 0’ are stored t 
I in array RESULTCctx.cty]. t 

mtmtmuitmmmtmmttnmmutuutmmtutttmttuttttuu 

> 

PROCEDURE 6RADTHRSHlD!CTt,CTY: INTEGER; VAR RESULT: TEMPTYPE; 

VAR GRAD’.GRADARRAY); 


VAR THRESHOLD: REAL; 


BEGIN 


HRITELH; 

NR 1TELN(’ PLEASE ENTER THE THRESHOLD VALUE M; 
REACLNITHRESHOLO); 

FOR CTY:»0 TO RSIZE DO 


"P C^Y:*() TO CSIZE DO 

GRADCCTX.CTV]:=5CPT" 'OIF'YICTX.STY:' t'D!FF'?[r'!"(,CTY]! ' * 
((DIFFYCCTX,CTY])I(D1FF''[CTX,CTY])))| 


FOR CTX:»0 TO RSIZE DO 
FOR CTY:» 0 TO CSIZE DO 
BEGIN 

IF GRADCCTX.CTY] >= THRESHOLD THEN 
RESULTCCTX,CTY]:M 
ELSE 

RESULTCCTX,CTYI:=0; 

END; 

NRITELN; 

NRITELN; 

NRITELN; 

NRITELN (’ GRAD RESULT:’); 

NRITELN; 

FOR CTX:=0 TO RSIZE DO 
BEGIN 

FOR CTY:=0 TO CSIZE DO 

NRITE(RESULT[CTX,CTYI;4); 

NRITELN; 

END; 

NRITELN; 

NRITELN; 

END; (END OF GRADTHRSHLDl 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

tmmtttittinititmmttttttmmmmttmimtttttmttttitttttmm 

t This oroceduri ]ocitis points idjicent to etch the pixels ir. the t 
I picturi and checks for the border o4 the picture. I 

t I 

titttittitiiiifmftmmtmttttmtmmtimimnttmitmttmtttttts 

PROCEDURE FINDA0JACEI(T(Cn,CTY:INTE6ER;VAR ADJPTARYiADJARRAY); 

VAR IiINTEKP; 

BE61N . (It FINDADJACENT It) 

FOR I;«0 TO 7 00 
BEGIN 

AOJPTAfiYCn.I;*-^; 

AD0PTARYni.Y:*-9R{ 

END: 

IF CTY*LBQRD£RY 
THEN IF CTT*LB0P0ERI 
THEN BEGIN 

ADJPTARY[OI.I:«CTM; 

ADJPTARYtO].Y;«CTY; 

ADJPTAPYC1I.1:*CTX*1; 

ADJPTARYm.Y;*CTY*l; 

ADJPTARYt23.l:»CTI; 

ADJPTARYt21.Y:«CTY^l5 

END 

ELSE IF CTr=UBOROERI 
THEN BEGIN 

ADJPTARYI2].I:»CTX; 

ADJPTARY[23.Y;»CTY*1; 

ADJPTARY[3].X;=CTI-I; 

ADJPTARYC33.Y:*CTY+I; 

ADJPTAPn4].l;=CTX-!; 

ADJPTARY[II.Y:»:TY; 

END 

ELSE BEGIN 

AWPTARYl03.X:*CTXtl; 

ADJPTARY[0].Y:=CTY; 

ADJPTARYll].X;=CTt+l; 

ADJPTARYm.Y:=CTY*l; 

ADJPTARY[2J.I:=CTX; 

ADJPTARYC2I.Y:=CTY*1; 

ADJPTARY[3].X:«Cn-l; 

ADJPTARYI3].Y:=CTY*1; 

ADJPTARY[4].I:=CT7-1: 

ADJPTARYI4].Y:=CTY; 

END 
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original PA'C® ts 

OB PCXDR QUALITY 


ELSE IF CTY*UBOFDEFY 

THEN IF CTr*lBO«DE»I 
T»CN BE8IN 

A0JPTAW0J.I:«CTM; 

ADJFTARYI0;.Y:*CTY; 

A0JPTAPYt6U:«CTl; 

ADJPTARYr6].Y:.CTY-lj 

A0JPTARY[7].I:«CTX+1; 

ADJPTARY(7:.Y:*CTY-1; 

END 

ELSE IF CTX*UBORDERI 
THEN BEGIN 

ADJPTARYC«U:*CTX-!; 

ACJPTARYI4].Y:*CTY; 

ADJPTARY(*3.X:»CTX-1; 

A0JPTARYt5:.Y;*CTY-l; 

AOJPTARv:fcU:sCTI; 

A0JPTARY[6:.Y;»CTY*1; 

END 

ELSE BEGIN 

A0JPTARY14].I:*CTY-1; 

ADJP^A»v(43.Y!»CTY; 

ADJPTAPyI5].I:»CTX-1j 

adjptapy:*],Y{=:ty-i; 

ADJPTARYI6U;*CTXs 
AD JP7 Ar Y t e j . t : -CT Y-i ; 
ADJPTAPYC7].X:*CTX*l: 
ADJPTARYC7J.Y;*CTY-i; 
END 

ELSE IF CTX*LBORDERX 
T)€N BEGIN 

ADJPTARYC0].X:*CTX+1; 

ADJPTARYC0].Y:»CTY5 

ADJPTAPYn].X:»CTI*l; 

ADJPTAPYC1I.Y!*CTYU; 

ADJPTAPYC2].X:*CTX; 

ADJPTARYC2].Y:*CTYU; 

ADJPTAPYIGJ.XssCTl; 

ADJPTARYC61.Y;»CTY*l; 

ADJPTARYt7J.Xs*CTI*l; 

ADJPTARYC71.Y;#CTY-l{ 

END 
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OmCmAL page is 

OF POOR CWAUT? 


ELSE IF CTI>UB0R0ERI 
T)CN KSIN 

WJPTMYI21.1I-CT1; 

A0JPTARYC2I.T:»CTY*l; 

«JPTMY[33.l:»CTI-l5 

WJPRMYt3].Y;tCTY*l5 

MJPTI«YC4].1:«CTM5 

«D3PTARY141.Y;«CTY} 

»DJPT«Y[5U;«CTI-lj 

ADJPTARYC53.Y!»CTY-l! 

ADJPTWYI6].I:«CTI; 

ADJP7ARY[6].Y;»CTY-l; 

E» 

ELSE BE6IN 

AJJPTARYtO].I:<TM; 

ADJPTARYC03.Y:»Cn} 

A»JPTARY[l].I;«CTMj 

AIIJPTARYm.Y;»CTY*l; 

ADJPTARYC2].I;»CTli 

ADJPTARYC2].Y:«CTY41; 

ABJPTARYt33.I:«CTl-l; 

ADJPTARY[31.Y!*CTYM; 

ADJPTARY[4].I;«CTl-l! 

ADJPTARYC43.Y:«CTY; 

ADJPTARY[S].I;«CT1-1; 

ADJPTARYC51.Y;»CTY-lj 

ADJPTARYC6].r;*CTl; 

ADJPTARY[6].Y:*CTY-1{ 

ABJPTARYC73.l!«CTMi 

AD3PTARY[73.Y:*CTY-l; 


END; {END OF IF) 

HPITELN; 

{NFITELNI’POSITIOr, CTX,CTY);) 

NRITELN; 

{ FOP 1:*0 TO 7 DO 

NP.ITEJt ( ADJPTARY: I M , AD JPTARY[ 1 3 . Y) } ) 

END; ( END OF FINDADJACENT ) 
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:0F POOR QUALITY 




tmimmiimtsmttmtmttmttitmmmtmtmmmttmmttmi 

I The following procedure is used to cceoute s goodness of fit sessure : 
t for each pair of adjacent pixels. This leasure detersines whether 
I an adjacent neighbor to a central oixel fits well together. 

mmtmmmtttttmmmmm|imtmttmmmmmtmumum 

PROCEDURE 600DNESS(CTX.CTY; INTEGER; ADJpfARY:ADJARRAY; VAR BESTGODONsREAL; 

VAR ADJX,AOJY;INTEGER;6RAD:6RADARRAY;CODE:DIRECTION); 


VAR I, K: INTEGER; 
600DN:REAL; 

BEGIN at GOODNESS ttl 


BESTG00DN:»-99?; 

ADJX:-0; 

ADJY:»0; 

FOR I:=0 TO 7 DO 

IF (ADJPT:iRytIl.r=C) THEN 
BEGIN 

IF (SRADCADJPTARYm.X.ADJPTARYCU.YDsO THEN 
G00DN:>0 
ELSE 

500DN: » (ABS( (DIFFXCCTX, CTYI IDIFFXI ADJPTARYtl LX, ADJPTARYC II . Y ] ) + 
(DIFFYCCTX,CTY]IOIFFY[ADJPTARYCIl.X,ADJPTARYCn.Yl))/ 
(GRADIADJPTARYCI 1. X , ADJPTARYC I L Y1 )) ; 

IF 3EST600DN<G0QDN 
THEN BEGIN 

B£STS00DN;=600DN; 

AOJX:»ADJPTARYCI].X; 

ADJY:-ADJPTRRYCILY; 

END; 

END; 

NRITELN; 

NRITELN(CTX,CTY;2, (TRUNC(SRA0tCTX,CTYI)),ADJX,ADJY!2, (TRUNC(BESTGOODN)) ); 
NRITELN; 

NRITELN; 

END: (END OF GOODNESS) 
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ORIGINAL PAGE 13 
OF POOR QUALITY 

umuttummtttttmtiututmimtmtttttmumutmtmmtmtt. 

t Procedure NEITSEARCH calls crocedures FINDADJACENT and SCODNESS, then I 
t assigns a direction code which corresconds tc each respective 
t adjacent Doint. The code is generated in this procedure in a I 

I clockwise direction. The cedes are stored in array C0DE[ctx,cty3. 

mttmmmtmttmmtttmmMmmtfmmmmtmmttimmmi 

t 

PROCEDURE NEXTSEARCH (CTX.CTY; INTEEERiVAR CQDEiOIRECTION)*. 

BEGIN (tt NEXTSEARCH ttl 
FINDAOJACENTICTX. CTY. ADJPTARY) ; 

GOODNESS (CTX, CTY, AO jPTARY , BEST600DN. ADJX . ADJ Y, GRAD, CODE) ; 

BEGIN 

IF (ADJX=ADJPTARYIO].X) AND (ADJY»ADJPTAPYCO).Y) THEN CCDEICTX.CTY);*!; 
IF (ADJX*ADJPTARYCn.X) AND (ADJY»ADJPTARYm.Y) THEN CCDECCTX,CTY):=2; 
IF (ADJX=ADJPTARYt:].X) AND (ADJYsADJPTARYICI.Y) THEN CODEC CTX, CTY h»3; 
IF (ADJX*ADJPTARYC3I.X) AND (ADJY=ADJPTARYC3I.Y) THEN CODECCTX.CTYhsA; 
IF (ADJXsADJPTARYUl.X) AND (ADJYsAOJPTARYGl.Y) THEN CODECCTX, CTY] 1*5; 
IF tADJX»ADJPTARYI5].X) AND (ADJY»ADJPTARYC5].Y) THEN C3DECCTX,CTY]:s6; 
IF (ADJX=A0JPTARYC6].X) AND (ADJY=A0JPTARYC6].Y) THEN C0DE:CTX.CTY]:=’; 
IF :AOJ,);=A:'J=Thf.T:U..<; and iADIV-ADJPTAPYr:.'-'' ’■'JEN CCD£[CTX,CTY]:=8; 
NRITELNl’DIPECTIGN CCCE:’,CDCElCTI.CTY]:S); 

END; 

END; { END OF NEXTSEARCH } 
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ORIGINAL PA'CiL ■::r 

OF POOR QUALITY 


tmmmututmmtmttmutmuutmtuuuntttmtmutttttuttu 

I This arscBdure outauts the satr:x of jirectian codes, COCEL.y], t 

mtuutmtmtumttmuttmtuuuimtumttuutmuuummtut 

PROCEDURE FINAlJITRUTENPUEftPTYPEiyflR CODE: DIRECTION); 

VAR LY:INTEBEP; 

BESIN (ft FINALMTRI U) ^ 

MRITELN: 

NRITELNC DIRECTION CODE NATRIK:’); 

KRITELN; 

FOR I:*0 TO RSIIE DO 
BE6IN 

FOR Y:=0 TO CSIIE DO 
«RITE(C0DEIK,Y]:4); 

HRITELN; 

END; 

NRITELN; 

END; { END OF FINALNTR)( } 
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BE6IN {It KAIN PROGRAH ID 




PIC«ATX(0R!BP1C): 

CHANGEPICIQRISPICjNUHPIC); 

DIFFERENCE(NU!1P1C,PICX,PICY); 

SRADTHRSHLO(CTX,CTY, RESULT, GRAD) ; * 

t 

HRITELNC 'START POSITION’, ’ I6RADI’,’ AOJ-POSITION’ , ’ BEST GflESS’); 
FOR CTY:=0 TO RSIIE DO 
FOR CTY:»0 TO CSIZE DO 
IF RESULTCCTT,CTY3»I 
THEN BEGIN 

NEXTSEARCH(CTY.CTY.CQDE); 

END; 

NRITELH; 

NRITELN; 

FINALNTRX(TEHP,CODE); 

END. { END OF RAIN ) 


OB POOR QUALITY 
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THE NUMERICALLY ENCODED PICTURE : ^ 

- The block letter C 

0000000000 
0000000000 
0 0 10 10 10 10 10 10 0 0 
00 10 0000000 
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GRAD/THRESHOLD RESULT: 

0000000000 
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0 0 0 1 1 1 110 0 
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0 0 1111110 0 
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CHAIN-CODED LMAGE: 
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THE NUMERICALLY ENCODED PICTURE: 

- The letter X 
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GRAD/THRESHOLD RESULT: 
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0100000010 
00100001 0 0 
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THE NUMERICALLY ENCODED PICTURE : 


- The number 8 in block for». 
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C -9c 
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GRAD/THRESHOLD RESULT: 

0000000000 
0000000000 
0 0 0 1 1 1 1 1 0 0 

0010000100 
0010000100 
0 0 0 1 1 1 1 1 0 0 

0 0 1 0 0 0 0 1 } 0 

0010000100 
0 0 1111110 0 
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CHAIN-CODED IMAGE: 
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0003337700 
0010000100 
0010000100 
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0010000100 
0050000500 
0 0 3 3 3 3 7 7 0 0 

0000000000 
0000000000 
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f- 


THE NUMERICALLY ENCODED PICTCRE : 
- The block letter A. 
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GRAD/THRESHOLD RESULT: t 

0000000000 
0000000000 
0 0 0 1 1 1 1 1 0 0 

0010000100 
0010000100 
0 0 0 1 1 1 1 0 0 0 

0010000100 
0010000100 
0010000100 
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CHAIN-CODED IMAGE : 
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0050000500 
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THE NUMERICALLY ENCODED PICTURE : 

-The number 8 with squared dtirners. 
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GRAD/THRESHOLD RESULT: 
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0 0 0 1 1 1 1 0 0 0 
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CHAIN-CODED IMAGE : 
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THE NUMERICALLY ENCODED PICTURE ; 


-The letter B. 
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GRAD/ THRESHOLD RESULT: 
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0 0 0 1 1 1 1 0 0 0 
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0 0 0 1 1 1 1 0 0 0 
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THE NUMERICALLY ENCODED PICTURE : 




- The letter A. 
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GRAD/THRESHOLD RESULT : 

0000000000 
0000000000 
0000 1 1000,0 
0001001000 
0010000100 
0 0 0 1 1 1 1 1 0 0 
0010000100 
0010000100 
0010000100 
000000000 0 


CHAIN-CODED IMAGE : 
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1Q4 


THE NUMERICALLY CODED PICTURE : 


- A diamond shaped figure. 
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GRAD /THRESHOLD RESULT : 


f- 


0000000000 
0000 1 100 .' 00 
oooiooiopo 
0010000100 
0100000010 
0010000100 
0001001000 
0000110000 
0000000000 
0000000000 


CHAIN-CODE IMAGE : 

0000000000 
0000320000 
0008002000 
0040000200 
0200000060 
0020000400 
0006004000 
0000340000 
0000000000 
0 000000000 


106 


REFERENCES 


f- 


1. Ballard, D. H. and Brown, C. M. , Computer Vision, 

Prentice Hall, New Jersey, 1982. 

2. Griffith, A. K. , Edge detection In simple scenes using a 
priori Information, IEEE Transactions On Computers, 
vol. C-22, 1973, 371-381. 

3. Hart, P., Nllson, N. and Raphael, B., A formal basis 
for the heuristic determination of minimum cost paths, 
IEEE Transactions On Systems Science and Cybernetics, 
vol. 4, 1968, 100-107. 

4. Marr, D., Early processing of visual information, MIT AI 
Memo 340, 1975. 

5. Pratt, W. K., Digital Image Processing, Wiley, New York, 
1978. 

6. Rosenfeld, A., Picture Processing by Computer, Academic 
Press, New York, 1976. 

7. Rosenfeld, A. and Thurston, M., Edge and curve detection 
for visual scene analysis, IEEE Transactions On Computers, 
vol. 20, 1971, 562-569. 


107 


ORIGINAL PAGE 
OF POOR QUALITY 

AP1=»ENDIX III. 

iiinimal Finite Automata -from Finite Training Sets 


Department o-f Mathematical and Computer Sciences 
The Atlanta University 
Atlanta, GA 303 


Introduc i on 

Thi-i :)aD©r describes a solution to the -Following problem: Given a 
■f.inite so': o-f strings over an alphabet A and a oositive integer n, 
find a J :"tsrmi ni sti c -Finite automaton (DFA) with a minimal number of 
states t! . ' recognizes the strings in the given set but does not 
recogni;.: .inv other strings of length less than n. Clearly such an 

autoinata; . ists, indeed several minimal automata exist for some 
combLnal, . of A and n. The chief difficult'/ in solving this problem 
was dot e; ; 11 ng a structure that is uniquely determined by the problem 
cl a U c:\ a 


Th:i begins bv expounding standard results on regular sets 

in a f- clearly parallel to the new construct i on . The construct ion 
has b eon ■ ,o 1 emen t sd in a vers i on of L I SF' . E;c amo 1 es men t i on ed i n t his 
paper wei derived with this implementation. 


Not a'l' i ori 


A a finite alphabet 

At „ u . . the set of strings over A 

108 



ORIGINAL PAGE IS 
OF POOR QUALITY 

A(n’ ........ the set oi strings over A o-F length <= n 

clel'C.j;\' ... the set o-f strings s such that as is in C 

a IS a string over A 

Resul ts on Regul ar Sets 

Ever'/ regular set is associated with a unique set o-f regular 
sets. ■froiT ivhich the minimal automaton recognizing that regular set 
can be , 1 v recover ed . 

De-fintioi: is A pointed set o-f regular sets (PSRS) is a set 

... . o-f subsets F. o-f . F^^ is the distinguished 

FSRS. A PSRS must satis-fy this condition: 

For ! 1 . 0 i <= n„ and al l a in A .. there is a j, 0 <= j n 

sue!. at del (F. Ma) = F . 

1 j 


De-finiticr; 2s A PSRS {F. ; F, , ... FI is c onnected i -f the -Following 

0 1 * n 

ciondi t i dss 

For ’ 1 J, 0 <- J <= n, there is a string s in A* such that 

d o 1 '■ s ) = F . 

I > i 


Lemma 2 

3- J H 

1 " " i 

Pi-OG-f : ' 


I, '.'sn a PSRS •[ F^.|S F^, ... F^>, let A = -C 


a J 
m 


1 <! - n 

••i' H . 

J. ) 

// 


0 <! 

+ a 


= J •••.= m 

m ^ d < i , m) 


let del (F. 


a ) = F 


d ( i , j) 


Gi ven 
Then 


Lemma 


F^ -= 


F 

0 II 4* * 


and G^ 


r:, 


R’) 


m 
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be PSRS"r;. Suppose also that = G^-j. Then: 

(a) i -f F' oonnected. then F" is a subset of G’ . 

<b) if F" ’Hd G' are both connected then F' = G’ . 

Proof: Q- G' by hypothesis, suppose that for some p ^ 1 that 

the f o 1 1 i i--' :i n g i s t r u e : * 

t 

($> For an/ s At, length(s) < p, del(Fj.^,s) G' . 

Let 5 c At be of length p-1 and a ^ A. Then, by (t), 
F. = del 'a'-.,,:):) = G for some i and some j. Then 

1 (.) j 

del (F,.,,sa) - del ( del (F. ,s), a) = del (G ,a) = G, for some k. Thus, (*) 

u j k 

is true ^ven if length(s) = p. By induction, del(Fj.j,s) ^ G' for any 
3 ^ At,, ': :nce F’ is connected, F’ ^ G’ . 

( b ) Cl eai rom (a ) . / 


Lemma 5:; 

•net C F,^ : F^ , ... F^, 

m m m 

F > be 
n 

a PSRS. 

Suppose 

Lliat for each 1 ^ i r there i 

s an 

s A* 

such that 

F. - del 

1 

F . „s) and for r + 1 S i ^ n there 

1 ) 

i s 

no such 

s. Then 

- CF,.^ 

F . . . . F > is a connected PSPS. 

]. r 




F^’roo f T, 

■•■v.',i;jDOse that del(F., a) =F tor 

1 J 

some 

,$ i 

^ r and 

< J 

n. Then F = del ( del ( F , 3 ) , a) = 

- j 

del ( 

F s a ) 

-For some 

B 6 

cn tradi ct i ng the hypothesis- Thus 

, F^ ^ 

is a PSRS. F"' is 

c 1 ear 1 v n: 

Oiinec ted . 




Njot^es A r 

:;,)ular set is defined by regular 

gr ammar . We 

use the 


definitic;, of 3 . regular grammar as a context free grammar with 
iarcduct :i. of the f orm X — > aY and X — ' eps where X and Y are 

n, -in -I- or an ! ■ : . a A and egs represents the empty string. 


Thec:r I Let F be ,a regular subset of .At. There is a unique 
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connected PSRS'with S its distinguished member. 

F'roo-f: L-^t S be de-fined by a grammar over A with non-ter mi nal s 
C .... •: : and start symbol X,.. For each i, let R. be the regular 

set de-fir; .1 by the same grammar, but with start symbol X^. So, S = R^.^, 

Let F’ " " I'.. ... F 1 be the set o-f all unions of the sets R., 

O f71 ^ X 

numbered c: that S = The F' :l s a PSRS. This is seen as 

follows- F :::r a qiven X. and a ^ A, let X. — > aX , . . be all the 

1 1 g < 1 ? j ) 

product i or* with left hand side and right hand side a followed by a 
non-terminal. If there are no such productipns then del < , a) is 

empty, i/hich is one of the unions Otherwise, 

del ( R., ’ = R .. .. 1 / ij ^ y- which is also one of the 

F/s. S.i: :■ del ( C ^ D, a> = del < C, a) del ( D, a), F' is seen to 

be a PS-’ . A connected PSRS can be derived by Lemma 5. By Lemma 4, it 

IS uniau '/ 


1” he Main “ : b 1 e m 

Anc-' i; -r wav of stating the problem we solve here 4s this. Given a 

finite s F F, of strings over A and a positive integer n, we wish to 

deiw--.rmiri: " PSF:S C F . 5 ... F ?■ with m as srn-al 1 as possible, subject to 

m 

the condition that F^.^ ^ A(n) = S ^ A(n). As mentioned in the 
i ntroduc ; :;n . S and n do not uniquely determine such a PSRS- However, 
the foli... nunq eimilar structure is un::. quely determined, if one 
conri i 1 1 a added. From it., all F'SPS's that satisfy the conditions 
can b(? c 1 determined. 

Defi. nil:: A pcqintsd set of finite sei: o (PSFS) is a finite set of 
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pairs C 


(Cj, n^). 

...(ct . n ) >, with distinguished 
V m m 

el ement 


, B at i s 

Tying the following conditions: 



( a ) n . i 

I 

an integer, S 

A(n. ) . 
1 



(b) 

For 

1 

0 i i — m 

and a 6 A, there is a 

j such 

that 

del (C . . 
1 

- C 

J 

^ A(n.-l) 

andn ^n. — 1 . 

J ^ » 



<c) 

For 

al 1 

0 < j 4 : m. 

there are i and a such that 

del (C^ , 

a) = C 

J 

and n = 
J 

n . - 1 . 
1 





Lemma 8 s 

Far a 

PSFS C ( , 

n^^) ; ... 1 , n^ < n^ for all 

i > 0 . 



Proo-f; (5i. en a pair (C^ , nG with i > 0, we can build a chain of 

pairs, by successively applying Definition 7(c), having strictly 

increasinci n . As no pair may be repeated in this chain, it must be 
j 

finite in length. Therefore, it must end with the pair . // 


Cond ’.on (c) is parallel to the connected condition on PSRS’s. 
However, ■ further condition is needed to fully minimise a PSRS, given 
its di st : !■; yui shed pair. 


Definition A PSFS C (C^^, n^); ... > is minimal if iar every i and 

1, C. „ I. (n ) =C _ A(n.) implies i =j. 

1 r\ j j ^ 1 


Theorem 1. 0; Suppose that C’ 
distinguished pair. 

(a) If C' :b minimal, then C' S; 

(b) If b' : C' and D" are minimal 

Proof : L ' C ' = C (C,.,, n^.j) ; .... } 

for some" n^,.^ the follov'jing is 

( * '• • everv <C. , n. ) such 

X ■ X 


and D' are PSFS’s with the same 


D-' . 

, then C' - D" . 


and D" - C mj.|) ... > . Suppost 


true: 
that n 


ei p. 


there is a (Df?: 1. "" 


• ch 
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that 

r: . = A ( n . ) 

i 1 

n 

L:: 

and 

'"k 

n . . 
1 



Note tha^: 

i n c e C 

0 

b:, 

and 


m^.^ by hypothesis , ( ^ ) 

i 3 

true for 

p - n,., - : 

. Let (C , 

J 

n ) 
J 

be 

qi V 

en with n - p. Choose <C 

J 

. , 

1 

n . ) and 

X 

a ^ A 

:h that 

del <C. , 

a) 

= c 

j 

and n = n . - 1 . Now, 

J 1 

n 

^ > P*. so 

there is £. 

, air ( D ^ , 

m|) 

as 

i n 

<no . 

There"* is also a (D. , m. 

) 

such that 

del (D. , m, 

^ L A 

A ( m ^ 

- 

1 ) 


and m^ T*' - 1. 


Then 


^ = L A 

A ( m ^ 


r\ 

A (n ) 
J 

= del (D, , a) ^ A (n ) 

H J 


si nee 

n = n . “ 

j 1 

1. S (T\ ^ “ 

1. 






Thus 

D, . A ( r . 
1 ^ 

' del (D^ 

: ^ 

A (n 

+ 1) 
J 

, a) 

= del (C. , a) = C , 
1 ■ J 


Further , 

n < m , 

1 < . 

So, 

if 

(If) 

is true for some p < it 

is true -for 


P“l. By remark -Following ('If), it is true -for all p < Thus, for 


a n V ( C . , 
1 

! i . ^ there 

i s 

a ) 

such that 

= D, « A (n . ) 
k ^ 1 

and 


^ ti. " 

Since 

t h e 

mi n i mal i ty of 


has not been 

used, there is 

> by 

symmetry.' . 

T , 

J 

n ) 

J 

such that 


= ^ A(m^. 

) and n . ^ 

m 1 ^ a 

K 

Substi. ti..L 

:,.n for 


n 

il 

n 

u. 

A (n 

1 ^ k 

and n. ^ 'n, ^ 

1 k ^ 

n . 

J 

Thus, C. 

1 

A ( n } 

^ ' J 

r= n 

i 

= C - A(n. 
j ^ 1 

) . 

So, i = i by 

the minimality 

o-f 

Cr . 

Th i 

implies 

that n. = m, = 
1 k: 

n 

j 

and D, = C . . 
k i 

That is, every 

pai r 


( C . , n . ) in D - 

1 1 

(b) F'-roiTi \ ''h by symmetry. // 


As r'SFS can be reduced to a connected PSRS by removing some of 
its meMnberSs so a PSFS can be reduced to a minimal one. Howevc^r , the 
removal ;;:t be done one pair at a time, a.s detailed in the following 
Lemma . 


. t-, r 

- ;■ > C . , n,. ) 3 ... 

t.) u 

> be a 

PSF-S 

a Suppose thor 

e are 

one 

1 ^ 

, such that C 

J T’ 

A ( n . ) 

1 

c:: C 

i 

^ A(n ) and 

J 

L ^ 

n . .. 
1 

• 1 t t'"i 

the smallest n 

If (C , 

, n . ) 

is removed 

from 



j* j J 


1 T O 
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t h •“ r e s lC: " 

15 a PSFS with the 

same disting 

uished pair. 


Proo-f: 

;,1 the 

new set 

of pairs C ' " 

. By 

Lemma S, j 

> 0, so the 

d i s t i n g u, 

•, :i p a i r 

would not 

be removed . 

Mote 

that C 

j 

= C, A(n ) 

1 j 

and n 

j 

. . Condition (a) 

of Definiti 

on 7 

is clearly 

satisfied by 

C’ ’ . 







Suppr 

■ 3 0 that, 

for some k 

and a, del 


^ 

A (n, -1 ) and 
k 

A “ 

1 . Then 

d e 1 ( C ^ , a ) 

= ^ A(n^. 

-1 ) 

= C. ^ A(n 

P ^ A(n^-l) 


= C. - A(n,-1) and n. ■>. n, - 1. Clearly, then, 7(b) is satis-fied by 

in k 1 ^ k 

C-’ ' . 

Supri..' e ^;hat for some k and a, del (C , a) = C, and n, = n - 1. 

j K f' j 

F'icI: 1 that del (€, , a) = C, - A(n.-l) and n, tj* n, - 1. Now, 

n^ 7, ^ > "J - 1 = nk^ ^1 n 

.-1) ^ = del(C., a) ^ A(n^,) = del(C^., a) = C^.. 

However, : i i. :n; contradicts the minimality of n , so no such k exists. 

J 

Conditio-, 'u) o-f Definition 7 is thus satisfied by C-" ' , it is a PSFS. 
// 

Coral lar' 'C:: Any PSFS contains a (unique) (“ninimal PSFS, with the same 

di 3t i ngu ; ; ;od pair, as a sub set - 

Proof. 1 P ;j. 3 ted applications of Lemma 11 will result in the condition 
of Lomma C being satisfied- Unicity follows from Theorem 10(b) . // 

■n now describe an algorithm for constructing the minimal 
iiven distinguished pair (C, n)- Cj£ A(n). This algorithm 
'I'v'rf lists of pairs: PPDC and UNF'RGC- Initially, PRGC is 

'■'PRGC contains only the initial pair (C, n)- The algorithm 


We 

PSFS wit I 

(VI a :! n 7 i"; 
emp t\- a I 
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LJMF'ROC is not empty do 

Fetch (D,m) -from UNPROC and put it in PROC 
■for each a ^ A do 

i-f there is no pair (E„ k> in PROC or UNRROC that 

m‘ 

satis-fies del ■:0, a) ~ ^ A(n-l) and 

k >y n-i then 

add the pair ( del (D, a), m- 1 ) to UNPROC 

Reduce PROC by using Lemma 11. 

The final value o-f PROC, with (C, n) as distinguished pair, is 

t h e :! . :■ aired res u 1 1 . 

We i 1 show later that the next to the last step (reducing PROC) 

IS unnec, nsary i -f UNPROC is treated as a queue. To show that the 

algorithm;, actual 1 y terminates, we must examine a pair, call it (F, 1) 

= ( del ;A ' , m-1) , added to UNF'ROC. Assuming D S A(m) , ' then 

F C Ad :.-j. nee the strings in F are one shorter than those in D. 

Since Lir-T'f'GC begins with just (C, n) and C i A(n), F — A(l) indeed. 

Suppose ' I: at D V'jere empty. Then del(D, a) - D ^ A(n-l) and n n-1 
so no n I Q.ai r would need to be added. If C itsel-f is empty, then the 
calgoriti: . 'nly produces one pair, the original (C, n). Otherwise, i -f F 

is empt'>'„ ;a 0 may assume that D is not empts' and so m >■ — 1 , that is 

1 ^ -1. Tl'iis shows that the integer part of pairs added to UNF'ROC are 

bounded IacIow (by -1 or by n). The integer parts are clearly bounded 

above bv r. Since the strings in any pair are shorter than the longest 
string a; .. there are only finitels' many pairs that could be added to 

UNPROC, ' t -j algorithm must eventually terminate- 

Th ■■ I'jritlim assures that thfe final set of pairs satisfies 7(b), 
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by constr u;::ti on . Condition (c) of Definition 7 is satisfied by 
manner in •..(hich new pairs are introduced. 


I 


OF FO'"’' 


the 


116 



